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STUDY OF EFFECTS OF SWEEP ON THE FLUTTER OF CANTILEVER WINGS'
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SUMNMARY

An experimental and analytical inrestigation of the flutter
of sweptback cantilerer wings is reported. The experiments
employed groups of wings swept back by rotating and by
shearing. The angle of sweep ranged from 0° fo 60° and
Mach numbers extended to approrimately 0.85. A theoretical
analysis of the air forces on an oscillating swept wing of high
length-chord ratio is developed, and the approximations in-
herent in the assumptions are discussed. Comparison with
experiment indicates that the analysis dereloped in the present
report is satigfactory for giring the main effects of sweep, at
least for nearly uniform cantilever wings of high and moderate
length-chord ratios. A separation of the effects of finite span
and compressibility in their relation to sweep has not been made
erperimentally but some combined effects are giren. A dis-
cussion of some of the experimental and theoretical trends 18
given with the aid of several tables and figures.

INTRODUCTION

The present report is an outgrowth of the trend toward
the use of swept wings for high-speed flight and presents the
results of an analysis and of an accompanying exploratory
program of research in the Langley 4.5-foot flutter research
tunnel on swept cantilever wings. The material was
assembled in & memorandum form with a similar title in
1948. The chief purposes of the present report are to
provide a more detailed exposition of the analysis and to
meke the main material more generally available.

Some previous experimental and analytical work on swept
wings is mentioned here. A preliminary experimental
investigation of the effect of sweep on flutter has been made
(reference 1) with a single, simple rigid wing mounted flexibly
on a base which could be rotated to various desired sweep
angles. This investigation was made at low Mach numbers
for two bending-torsion frequency ratios and at several
angles of sweepback. Another investigation (data un-
published) in which the density of the test medium was a
variable was conducted by D. Benun on the same type of
rigid, flexibly mounted wing at higher Mach numbers and at
sweep angles of 0° and 45°. Other unpublished work on
swept wings exists, but a search of the available information
indicates a need for further systematic study.

The experimental work reported herein dealt with models
mounted as cantilevers at their roots. These cantilever
models differed from the rigid, flexibly mounted wings,
which had all bending and torsion flexibility concentrated
at the root, and thus were subject to different root effects.
In order to facilitate analysis the cantilever models were
uniform and untapered. The intent of the experimental
program was to establish trends and to indicate orders of

magnitude of the various effects of sweep on flutter rather

than to isolate precisely the separate effects.

The models were swept back in two basic manners—
shearing and rotating. For the case in which the wings
were swept back by shearing the cross sections parallel to
the air stream, the span and aspect ratio remeained constant.
For the other case, a series of rectangular-plan-form wings
were mounted on a special base which could be rotated to
provide any desired angle of sweepback. This rotatory
base was also used to examine the critical speed of swept-
forward wings. '

Tests were conducted also on special models that were of

the “rotated” type (sections normal to the leading edge

were the same at all sweep angles) with the difference that
the bases were alined parallel to the air stream. Two series
of such rotated models having different lengths were tested.

Inasmuch as the location of the center of gravity, the mass-
density ratio, and the Mach number have important effects

on the flutter characteristics of unswept wings, these param-
eters were varied for swept wings. In order to investigate

possible changes in flutter chsracteristics which might be
due to different flow over the tips, various tip shapes were
ineluded in the experiments.

In an analysis of futter, vibrational characteristics are

very significant; accordingly, vibration tests were made on
- H o 1 -

each model. A special study of the change in frequency

and mode shape with angle of sweep was made for a simple

sluminum-alloy beam and is reported in appendix A.
Theoretical analyses of the effect of sweep on flutter exist
only in brief or preliminary forms. In England in 1942,
W. J. Duncan estimated by certain dimensional consider-
ations the effect of sweep on the flutter speed of certain

specialized wing types. Among other British workers

whose names are mentioned in connection with problems

| Supersedes NACA TN 2121, “Study of Effecis of SweeD an the Flutter of Cantllever Wings” by J. G. Barmby, H. J. Cunningham, and L. E. Garrick, 1950,
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of flutter involving sweep are R. MeKinnon Wood, A. R.
Collar, and I. T. Minhinnick. An account of Minhinnick’s
work was given by Broadbent in reference 2. In reference 3
a preliminary analysis for the flutter of swept wings in
incompressible flow is developed on the basis of a “strip
theory” (with the strips taken in the stream direction) and
is applied to the experimental results of reference 1. Exam-
ination of the limiting case of infinite span discloses that
the aerodynamic assumptions employed in reference 3
are not well-grounded. Reference 4 adapts this strip
theory to flexible wings and also presents an alternative
“velocity component” treatment employing other aerody-
namic assumptions which in their end result appear more
akin to those employed in the analysis of the present report.
No definite choice is made in reference 4 between the two
methods although the strip-theory method is favored.

In the present report a theoretical analysis is developed
anew and given a general presentation. Application of the
analysis has been limited at this time chiefly to those calcu-
lations needed for comparison with experimental results.
A wider examination of the effect of various parameters
and of additional degrees of freedom on the flutter character-
istics is desirable.

SYMBOLS

b half-chord of wing measured porpondicula.r to
elastie axis, feet

b, half-chord perpendlcular to elastic axis at
reference station, feet |

U effective Iength of wing, measured along
elastic axis, feet

¢ w mg chord measured perpendicular to elastic
axis, inches

l . length of wing measured along midchord line, .
inches

A angle of sweep, positive for sweepback, degrees

2
A, geometric aspect ratio (-1—3(;—2'—&)
z’ coordinate perpendicular to elastic axis in

plane of wing, feet
coordinate along elastic axis, feet

~

Yy

2’ coordinate in direction perpendicular to
z'y'-plane, feet

z coordinate of wing surface in 2’-direction, feet

7 nondimensional coordinate along elastic axis
@'

£ coordinate in wind-stream direction

h bending deflection of elastic axis, positive
downward, feet

é torsional deflection of elastic axis, positive
with leading edge up, radians

a local bending slope of elastic axis (b )

T local rate of change of twist (-a?)

sy, Fa{n)  deflection function of wing in bending

Fily", Foln)  deflection function of wing in torsion

i time

o angular frequency of vibration, radians per

second

X
Try
e
fa

Afcr

Teq

at+Zx

=

angular uncoupled bending frequency, radians
per second

angular uncoupled torsional frequency about
elastic axis, radians per second

first bending natural frequency, cycles per
second

second bending natural frequency
per second

first torsion natural frequency, cycles per
second

uncoupled first torsion frequency relative to
elastic axis, eycles per second

("[—=am])

experimental flutter frequency,
second

reference flutter frequency, cycles per second

flutter frequency determined by analysis of
present report, cycles per second

free-stream velocity, feet per second

experimental flutier speed, feet per second

component of air-stream velocity perpen-
dicular to elastic axis, feet per second
(p cos A)

experimental flutter speed taken parallel to
air stream, miles per hour

reference flutter speed, miles per hour

reference flutter speed based on wing elastic
axis, miles per hour (defined in appendix B)

flutter speed determined by theory of present
report, miles per hour

theoretical divergence speed, miles per hour

reduced frequency employing velocity com-
ponent perpendicular to elastic axis (wb/v.)

phase difference between wing bending and
wing torsion strains, degrees

density of testing medium at flutter, slugs per
cubic foot

dynamic pressure at flutter, pounds per square
foot

Mach number at flutter

critical Mach number

distance of center of gravity behind leading
edge taken perpendicular to elastic axis,
percent chord

distance of elastic center of wing cross section
behind leading edge taken perpendicular to
elastic axis, percent chord

distance of elastic axis of wing behind leading
edge taken perpendicular to elastic axis,
percent chord

eyveles

eycles per

nondimensional clastic-axis position (1 90 1)

nondimensional center-of-gravity position

22

100 1)
mass of wing per unit length, slugs per foot
wing mass-density ratio at flutter (rpb%m)

mass moment of inertia of wing per unit length
about elastic axis, slug-feet* per foot

'
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Ta nondimensional radius of gyration of wing

about elastic axis (w/—l%,
mb

EI bending stiffness, pound-inches* in tables,
pound-feet? in analysis

GJ torsional stiffness, pound-inches® in tables,
pound-feet® in analysis

dn struetural damping coefficient for bending
vibration

e structural damping coefficient for torsional
vibration

P oscillatory lift per unit length, positive down-
ward (defined in equation (6))

A, oscillatory moment about elastic axis, positive
leading edge up (defined in equetion (7))

[ ] a special bracket used to identify terms which

are due solely to inclusion of the last term
in equation (5b)

In order to preserve continuity and to facilitate comparison
with previous work on the unswept wing, the subscript «
rather than @ is retained with certain quantities to refer to
.the torsional degree of freedom.

ANALYTICAL INYESTIGATION
) GENERAL

Assumptions.—An attempt is first made to point out the
main assumptions which seem to be applicable for swept
wings of moderate taper and of high or moderate length-
chord ratios.

{a) The assumptions, such as small disturbances and poten-
tial flow, commonly employed in linearized treatment of
unswept wings in an ideal incompressible fiuid are made.

tb) The structural behavior is such that over the main part
of the wing the elastic axis may be considered straight. The
wing is also considered sufficiently stiff at the root so that it
beliaves as if it were clamped normal to the elastic axis.
An effective length [’ needed for integration reasons may be
defined (for example, as in fig. 1). The angle of sweepback
is measured in the plane of the wing from the direction nor-
mal to the air stream to the elastic axis. All section param-
eters such as semichord, locations of elastic axis and center
of gravity, radius of gyration, and so forth, are based on
sections normel to the elastic axis.

y* dy'
Actual roof _
~.4 — Y
Sectiorr Aﬁ\‘\
2b. oty

- Adidetiord bine for
sections riorwgal fo
‘he elastc axis

-1 +1 Y \!f*
E:‘ I}h Say
— g h—

Sectiorr B-B
FusURE L.—Nonunifrm swept wing treated In the present anatysts.
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{¢}) The aerodynamic behavior is such that any section dy”
of the wing normal to the elastic axis, taken in the direction
of the component ¢ cos .\ of the main-stream velocity, gener-
ates a velocity potential associated with a uniform infinite
swept wing having the same instantaneous distribution over

the chord of velocity normal to the wing surface as does the

actual section.

Additional remarks on these assumptions are appropriate,

VWith regard to assumption (a), in accordance with lineariza-
tion of the problém, the boundary conditions are stated and
treated with respect to a reference surface, in this case a
plane, containing the mean equilibrium position of the wing
and the main-stream velocity. Furthermore, incompressible
flow is assumed in order to avoid complexity of the analysis,
although modifications due to Mach number effects can be
added. Such modifications may be based, for example, for
wings having large length-chord ratios, on existing theoretical

calculations of aerodynamic coefficients for subsonic or super-

soni¢ two-dimensional flow appropriate to the component

rcos A.  On the other hand the modifications may be partly

empirical, especially for “transonic” conditions and for small
length-chord ratios.
eral aerodynamic behavior of swept wings may depend, for
large length chord ratios, on the component ¢ cos A, bu the

dependence may shift to the stream velocity zfor small length- _

chord ratios.

With respect to assumption (b), results of analyses of and
experiment on unswept wings having low ratios of bending
frequency to torsion frequency show that small variations of
position of the elastic axis are not. important.
tion of a straight elastic axis over the main part of & swept
wing, similarly, is not eritical for many cases. This assump-

tion is made for convenience, however, and modifications for _

a curved elastic axis can be made when necessary, for example,
for plate-like wings. Smuall differences in the angle of sweep-
back of the leading edge, quarter-chord line, elastic axs, and

so forth, are neglected. The analysis could be further modi- _

fied to take into account variation of the angle of sweepback
along the length of the wing.

Assumption (¢) implies that associated with the action

of the wing in pushing air downward there is 2 noncirculatory
potential-type flow similar to that around sections of an

infinite flat-plate wing. Furthermore, as in the case of the _.

unswept airfoil, a circulatory potential-type flow is generated
in which for the swept airfoil the component ¢ cos A is
decisive in fixing the circulation. (This assumption differs
from that made in the strip theory of references 3 and 4

The transonic conditions and the gen-

The assump-

which employs the main-stream velocity together with ~~

sections of the wings parallel to the stream direction.)
Effects of the floating of the wake inthe stream direction

rather than in the direction of » cos A and induced effects

of variation of the strength of the wake in the wing-length
direction are neglected, as are three-dimensional tip effects.

. For large values of the reduced frequency k,, & given segment

of the wing might be influenced chiefly by the nearby wake

and the correction would be small. On the other hand, for =

small values of k, a given segment might be influenced by =

more widespread portion of the wake; corrections for this

condition may possibly be based on knowledge of the static
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case (for example, slope of the lift curve). As the angle of
sweep approaches 90° obviously the mechanism for the
generation of lift is different from the one postulated here;
for example, a tip condition may replace the trailing-edge
condition and cénsiderations of very small aspect ratio arise.

Basic considerations.—Consider the configuration shown
in figure 1 where the vertical coordinate of the wing surface
is denoted by 2'=Z(z',y',t) (positive downward). The
effect of the position and motion of the wing may be given
by the disturbance-velocity distribution to be superposed
on the uniform stream in order to represent the condition
of tangential flow at the wing surface. This velocity
distribution normal to the surface (positive upward) is, for
small disturbances,

w(z',y',t)=%+v% (18)

where £ is the coordinate in the wind-stream direction.
With the use of the relation
0Z _dZ oz’ _I_bZ oy’
dt o OF oy’ O
gj cos A—i—az, sin A

the vertical velocity at any point is

’LU(J,‘ ;y t) bt +‘l) gZ,c sA+to aZ, sin A (lb)

Let the wing be bending so that a segment dy’ (see fig. 1) is

displaced from its equilibrium position by an incremental
distance b (positive down) and also let the wing segment be
twisting about the elastic axis through an incremental angle ¢
(positive leading edge up). The position of each point of
the segment may be defined, for small deflections, by

Z=h+2'0 (2)

The velocity distribution normal to the surface, equation (1b),
consequently becomes

w=h+2z'8+ 8 cos A+v(oc+2z'7) sin A 3)
where v=—gy}i, is the local bending slope of the elastic axis

and is thus analogous to dihedral, and where T=bb_y€’ is the

local change of twist of the elastic axis.

In accordance with assumption (c) the noncirculatory-flow
velocity potentials associated with the vertical-velocity dis-
tribution are first needed. In equation (3) the terms involv-
ing b, 6, and o are constant across the chord, whereas those

involving 4 and 7 vary in a linear manner. The noncircula-
tory velocity potentials as in reference 5 and the new poten-
tials associated with ¢ and r are

=hby1—2? 3
de=10,0b1—22

$e=10q0 tan Ab+/1—71
> (4)

& =0b% (g—a) 1 —z?

¢r=1>,7 tan Ab? (—g-—a) \fl —x?

P

where p»,=v cos A and 2 is the nondimensional chordwise
coordinate measured from the midchord as in reference 5
and related to the coordinate x in the manner

v=Fte

The velocity potential for the circulatory flow associated
with the wake may be developed on the basis of assumption (c)
and the concepts for the infinite unswept wing introduced
in reference 5. (Thus the circulatory-flow pattern for a sec-
tion dy’ of the finite swept wing is to be obtained from the
corresponding flow pattern for an infinite uniform yawed
wing. This infinite wing is assumed to have undergone har-
monic oscillations for a long time; the full wake is established,
remains where formed, and consequently is harmonically
distributed in space. For the infinite uniform yawed wing,
results for the circulatory flow are like those of reference 5
with » replaced by the component v, and with the addition
of terms to take care of ¢ and 7.} In particular, the strength
of the wake acting on each section is determined by the condi-
tion of smooth flow (the velocity remaining finite) at the trail-

ing edge. This condition is utilized in the form b%: (¢r+ox)

is equal to a finite quantity at the trailing edge (where ¢r is
the velocity potential due to the vorticity in the wake, and
¢~ is the total noncirculatory velocity potential), and this
condition leads to a relation analogous to equation (VII) of
reference 5 involving the basic quantity

Q=fb+ v+ v,0 tan A0 ——a)(fH—v,.r tan A)

which occurs in the terms associated with the wake. The net
result of these considerations is that the circulatory-flow
velocity potential may be regarded as determined.



STUDY OF EFFECTS OF SWEEP ON THE FLUTTER OF CANTILEVER WINGS 233

The pressure difference between upper and lower surfaces of the wing at a point r is (positive downward)

— g, (2%, ,28Y

=—2p aa—?+-v E?—;f’,cos; Ado ab;’ sin A) (5a)
where ¢ is in general the total potential (the sum of eirculatory-low and noncirculatory-flow potentials). The last term in
equation (5a) is the product of the component of main-stream velocity taken along the wing and the lengthwise change
in the velocity potential and is often neglected even in steady-flow work. The question of the retention or negleet of this
last term seems partly dependent on the order in which the approximations are introduced—specifically, whether velocity
potentials for the whole flow pattern are found and then the integrated forces are determined or whether section forces are
first determined and then integrated. It seems appropriate to retain at least the noncirculatory part ¢y of ¢ in the last
term of equation (52). In view, however, of the nature of the approximate treatment of the circulatory potential and of the
inherent shortcomings of a strip analysis, in particular the neglect of lengthwise variations in wake vortex strength, compli-
cating the results by also including ¢r in this term does not appear worth while. (This neglect of ¢r and retention of ¢y is

realized to involve some inconsistencies in that account may not be taken of other higher order terms essociated with length-

wise variation of the wing wake, which may be of the same order as terms retained.) Thus equation (52) becomes

p=—2p (%—[—ﬂ aa—f, cosA+tv ab‘;a’r sin A) (5b)
For harmonic motion in each degree of freedom, relations for the pressure may be integrated over the chord to yield
expressions for the air forces and moments. For the sake of separating and identifying the terms in force and moment ex-
pressions which are due solely to the inclusion of the last term in equation (5b), a special bracket { } is employed. Thus
these terms may be readily omitted. Numerical checks among the calculations made for the present report showed the
effect of inclusion of the last term in equation (5b) on the calculated results to be quite small, even for 60° of sweepback
within the range of other parameters investigated.
The expressions for the aerodynamic lift (positive down) and for the moment about the elastic axis (positive leading
edge up), each per unit length of the wing, are as follows:

P=—2xp0,.b0C [ﬁ-l—r:.&-[— raoctan A+ b (%—a) (0+ o, ten A):I_

xp b’[ﬁ+v.é+ vao tan A{rae tan A+ M7 tan A+ o,? gya', t-a.n’A}:I-[—

wpbia [5+v,1'— tan A-[-{e,i- tan A4 .? 5—1} tan? \}] (6)

M, =2rpr,b? (—;——l-a) C l:ft-l—v,.ﬂ-l-v,.o- tanA-} b (%—a) 6+ o7 tan A):I—

Tp 0o b3 [(%—a) €+é DT tan A]+rpb’a [ﬁ—[— veo tan A+

{v,.& tan A+ p,2r tan A+ p,2 E?;’ tan? A}:I-— rpbt (-%-l-a’) [§+ ’

pa7 tan A—l—{-v.i- tan A o2 g—;, tan? A}] (7)



234
where
0=C(kn)=F(kn)+ iG(kn)

is the function associated with the wake developed by
Theodorsen in reference 5; the reduced frequency parameter
k, is defined by

whb  wbh

Uy P cos A

- (8)

n—

As has already been stated, the foregoing expressions were
developed and apply for steady sinusoidal oscillations,

h=h,(y")et** }
0=20,(y") et

(9

The amplitude, velocity, and acceleration in each degree of
freedom are related as in the degree of freedom & that is,

h=iwh
h=—u?h

Expressions for force and moment.—With the use of such
relations, equations (6) and (7) may be put into the form

P=—7pb%? (h B+ 6B.s) (10a)

M, =—mpbtw? (h By+60B.g) (1a)
where

Bﬂh=% Ack+% t&n A (_i kin) ([_ 1}+Ad.)+

b 0o 1 n?A (El—z)}

Eoy t

c.—-Aﬂ,+ btan A (A.)+

b? or a
73 ,tan’A(—E)}

Bd=% Aa,,+% tan A (—1 ,:—n) ({a}4 A}t
{% aga—, tan® A (—k%)}

Bu=Awt= btanA(Am)-!-[ba gr’

an? A (—é—-l—a") L—l—gl

in which the four following coefficients:

. 2G|, . 2F
Ach_—]__-z-l-grn. . e

@) Bl G %]
ames(pre) i o) (-
()
sem—to- () e (1-)
i|G-9)e-G) 5 Gro) i)
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are identical with those used in the case of the unswept wing.
Additionally,

A= Z‘I‘z}“‘i,t.l—l é-i—{a]-l—(:,lz-—a)da]

semmit[-Geffref)i Goim)-G-o) ]

It is of interest to note that equations (6) and (7) reduce,
for the case of the wing in steady flow (k,=0), to
a)-l-

(10b)

P=—2zpbev,? [a—l—a tan A+7b tan A ({—I,-} +;1—-

b o¢ a,, 0r
—2-6 5y tan A}]

29y
Mo=2mpbo,? I:(B—I-a' tan A) (%+a)+mb tan A ([1)} -“)'*‘

{-‘lz—baa—;,ta TA- —b (8 —tan’A}:l

per unit length of wing.

Introduction of modes.—Equations (10a) and (lla) give
the total serodynamic force and moment on a segment of a
sweptback wing oscillating in a simple harmonic manner.
Relations for mechanical equilibrium applicable to a wing
segment may be set up, but it is preferable to bring in directly
the three-dimensional-mode considerations. (See for example,
reference 6.) This end may be readily accomplished by
the combined use of Rayleigh type approximations and the
classical methods of Lagrange. The vibrations at flutter
are assumed to consist of a combination of fixed mede shapes,
each mode shape representing a degree of freedom associated
with a generalized coordinate. The total mechanical
energy, the potential energy, and the work done by applied
forces, aerodynamic and structural, are then obtained by the
integration of the section characteristics over the span.
The Rayleigh type approximation enters in the representa-
tion of the potential energy in terms of the uncoupled
frequencies,

Asis customary, the modes are introduced into the problem
as varying sinusoidally with time. For the purpose of sim-
plicity of analysis, one bending degrece of freedom and one
torsion degree of freedom are carried through in the present
development. Actually, any number of degrees of freedom
may be added if desired, exactly as with an unswept wing,
Let the mode shapes be represented by

h=[A 1k
={/y")e

where h=h.e'* is the generalized coordinate in the bending
degree of freedom, and §=06,¢'*! is the generalized coordinate
in the torsion degree of freedom. (In a more general treat-
ment the mode shapes must be solved, but in this procedure
fily’) and fo(y’} are chosen, ordinarily as real functions of y’.
Complex functions may be used to represent twisted modes.)
The constants k, and 6, are in general complex and thus
signify the phase difference between the two degrees of
freedom.

tan? A

(11b)

(12)
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In the subsequent treatment the reader will notice that
in some expressions, namely for force and moment, A and 6
can conveniently and logically be retained in their complex
form. In other expressions, notably for energy, one is
forced to utilize & and @ as reasl quantities. Appropriate
statements will be made where necessary.

For each degree of freedom an equation of equilibrium
may be obtained from Lagrange’s equation

(bT) bT+3U
¢ 9q; 0g: Q

where ¢, is a generalized coordinate and @; is the correspond-
ing generalized force. The kinetic energy of the mechanical
system is

(13)

T=1i f mUAW Iy +5 & LUy +

ié L meb LAWY LNl dy’ (14)

where i and @ here and in the subsequent equations (15} are

to be interpreted as real in order that the energy be always

positive (or zero), and for definiteness can be regarded as the

real parts of A.e'*f and 8,¢'* respectively; and where

m mass of wing per unit length, slugs per foot

I, mass moment of inertia of wing about its elastic axis
per unit length, slug-feet? per foot

zeb distance of sectional center of gravity from the elastic
axis, positive rearward, feet

The potential energy of the mechanical system may be
expressed in a form not involving bending-torsion cross-
stiffness terms:

—su [ Er d’f*)d i eﬂf"GJ afey’

where

EI  bending stiffness, pound-feet?
GJ  torsional stiffness, pound-feet?

If Rayleigh type approximations are used to introduce
frequency, the expression for the potential energy may be
written in & more convenient form:

U=i wih? f mfidy +5 0t f I.fedy’  (15b)

Another expression for the potential energy is

r=Lp f Cufiidy’+2 a’f C.fidy’
The effective spring constants Cy and (', correspond to unit

length of wing and thus conform to their use in references
5 to 7. The constants are effectively defined by

J; Yoy f C.fidy
w52=—l,—
J; mfildy’ f I.fedy’

These effective spring constants are related to the frequencies
associated with the chosen modes. For so-called uneoupled

(15¢)
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modes the frequencies appropriafe to pure modes (obtained
by proper constraints) are often used. On the other hand,
employment of the normal or natural modes and frequencies
appropriate to them, which might be obtained by proper
ground test or by calculation, may be preferred. In either
case the convenience of not having cross-stiffness terms in.
the potential-energy expression is noted.

Application 1s now made to obtain the equation of equilib-
rium in the bending degree of freedom. Equation (13}

becomes
(o)

The term @, represents all the bending forces not derivable
from the potential-energy function and consists of the aero-
dynamic forces together with the structural damping
forces. The virtual work &1 done on the wing by these
forces as the wing moves through the virtusal displacements
sh and &6 is

' R
= [ [(P-c2i)oh+(3r—C.ld)ao |ay

L’ .
_ [; (P—mw,’%‘jhi_t)f,.dy’ sht

oT ol _

DA AN (16)

v
L (A~ Lot Fh) fedy 0=Qush+Q3g  (7)
where .
x structural damping coefficient for bending vibration
Ja structural damping coefficient for torsional vibration

In this expression the aerodynamic forces appropriate to
sinusoidal oscillations are used. The application of the
structural damping as in equation (17) (proportional to
deflection and in phase with velocity) corresponds to the
manner in which it is introduced in reference 7. In accord-
ance with the preceding development, the aerodynamic and
structural damping forces and moments in equation (17)
are regarded as complex, but the virtual displacements 8k
and &6 should be considered real. Thus, the physically
significant part of the resulting expression for virtual work is
the real part. Since the subsequent analysis reverts to ex-
pressions for forces and moments, no further qualifications on
the use of % and @ in their convenient complex forms are
needed.
For the half-wing

o= (P—mutsk) fudy'

=—xp b,’&fl'(bi)s[éhf,z_[-i(—i l) (—11+

Ag) (tan &)f,df"-[—[h 55 (tan’A)f,d f'}+

BAcefofrtBAcb (tan N n T f '

[e(——)b (tan? 3) /o224 f‘}+§i i(2Y ey as
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where b, is the semichord at some reference section. Performance of the operations indicated in equation (16) and collec-
tion of terms lead to the equation of equilibrium in the bending degree of freedom

( {[1"( ) (1+¢g;.):lb J‘V(b )21fn’d?l ——fp(b) Aanfiidy’ +fl’<b) tan A( ) (—1}+
Ack)f,,df"dy —{ fp(b) tan 2A<'E—)fp.§:}{:dy }§+3{f"<b_) (:r Aca)fg,dy B

b f (b) A, (tan A)ﬁdf’aly'+{b,2 L I'<b—f) 2t gy dy,,dy’}})nb,s =0 (192)

where

1__m e : |
= o ; R

By a parallel development the equation of equilibrium for the torsional degrecof freedom may alsobeobtained as follows:
LA v d_f,, , ¥eb\® a s, ,
(b [ @) em o) s+ [ () v (i) s gh ay+ [ [ () wne o () 5o v o+
Wa 2 . ¢ ra r ? ¥ dfa '
(v i) Y 0 Q) et (S wra -
{b <——) tan? A <8+a ) r. 2fa dy” }}) mpbie?=0 (20a)

where r,=+T./mb? (radius of gyration of wing about the elastic axis).
Determinantal equation for flutter.—Equations (19a) and (20a) may be rewritten with the use of the nondimensional

coordinate n=%:- They then are in the form
(b As+8Ba)xpblu?=0 (19b}
EDy+8Ewpblte’=0 (20b)

af1=(2Yario [ & [ () 2 aran—i [ () AatBiards+
[ (@) ana (i) an+ Aoy tion San—{ 3 () woea () 1msan Gt an }

Bt [ i)’(&_ Ace) IFa(m)] (Felalldn =, . 1'°(b—r)‘tan Ao ) &2 dn+
1.0

B2 [ Yeamen () o) G2 an }

D=L f "°(bi)“ (?—'*—A,,k) [Fa(m)] [Fa(m)] dn+ j;""(bir)‘tan A ('i %) (fa}+ Aw) [Fo(n)] d?{;“ dnt

[ s ) e ]
E=r[1-(2)a+iga ][ (3 ‘1’7—’ Fndn—t [ () AuFotardn—
b [“(L) ten A4 i) d—f'—" B[ () tena (g4 e?) g el Tl }

in which Fi(y)=£('n) and Fe(n)=Ffs(l'n).
The borderline condition of flutter, separating damped and undamped oscillations, is determined from the nontrivial

solution of the simultancous homogeneous equations (19b) and (20b). Such a solution corresponds to the fact that mechan-

where



STUDY OF EFFECTS OF SWEEF ON THE FLUTTER OF CANTILEVER WINGS 237

ical equilibrium exists for sinusoidal oscillations at a certain airspeed and with a certain frequency. The flutter condition
thus is given by the vanishing of the determinant of the coefficients

4, B
=0
D, Eyf

Application to the case of uniform, cantilever swept wings is made in the next section.
APPLICATION TO UNIFORM CANTILEYER SWEI{T WINGS

The first step in the application of the theory is to assume or develop the deflection functions to be used. For the purpose
of applying the analysis to the wing models employed in the experiments it appeared reasonsable to use for the deflection

functions, F,(n) and Fy(y), the uncoupled first bending and first torsion mode shapes of an ideal uniform cantilever beam.

Although approximations for these mode shapes could be used, the analysis utilized the exact expressions developed from
equations (120} and (106d), respectively, of reference 8 by application of appropriate boundary conditions.
The bending-mode shape can be written

Fin)=C; [% (cos 17 —cosh Bin) +sinh By —sin_'Bm]

where 8,=0.5969~ for first bending. The torsion mode shape can be written
Fe(n)=Ch sin 8an
where B,=% for first torsion and O, and (% are constants.

The integrals appearing in the determinant elements A,, B;, Dy, and E, are

1.0
j; szd‘q=1.8554012
1.0
L Fydn=0.5000C,
1.0
r4h dF‘ dn=3.7110C2

1.0
Fy %ﬂdq=o.31830,=
[+ 7

1.0 dF.dn

F‘ _1 592601

1.0 dF‘dn_

\ Fy —1.2337C,*

0 1.0
fo " P Fadn= ﬁ " FyFydn=—0.92330,0,

1.0
F; dF‘ d?}=—1.4040010’

.0
fl F.% dn=—2.0669C,C,
i} 7

1.0
ﬁ;dF' d3=2.2782C,C,

1}

1.0
el @ F" D dy——1.47220,0,

1]



The flutter determinant becomes

1855401 A4+3.71100 ( _) (I=1}+ 4.x) tan A_[l 50260, t;‘,';b A El,.? —0.0233C,Cal’B— (— 1.4040C;C2)b, A, tan A+{2,27szc.c,b, ;“l‘; A k“,]
—0.9233C,C, & F D~2.00690:Cs (i &) Ual+4ax) tan A+[-1 4722C,C, ‘;‘,‘;b" = 0.5000C;+1/ B —0.3183C3b, Aor tan A—{—1.2337Cs%, tf,;,‘b" s+a) 5]
or more conveniently, when columns and rows of the determinant are divided by appropriate terms |
tan A tan A
A+2.0000 22 T, ( )({ 13+ Aa) — {0 85837 ( "7y ) 7 ,} B—1.5206% 04 TS, A A {- 4615( I ) z ,}
tan A/, 1 ,,(ta.n A)’i tan A , - (tﬁn A)( )
0.9189D+-2.0571 _—l'/b,- (1, k.) ([a}+ Aa) +{1.465.. 75, ) k2 E—0.63660-,77— b, Axt424675 70 8 s
where
__]—. _ .__",k'__ 2 . _ ) . !
A—xl:l (w) (l-l—zg;.):l A E
_Ta i "
= Ll :
D=%2_ A,

E=T2 1—(""’) (1+iga |- e

It is mterestmg to note that the parameters A a.nd I’ [b, appear only in the comblna.tlon 75, Ain the immediately preceding determinant. | The solution of
the determinant results in-the flutter condition. : : | - l
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STUDY OF EFFECTS OF SWEEP ON THE FLUTTER OF CANTILEVER WINGS

EXPERIMENTAL INYESTIGATION
APPARATUS

Wind tunnel.—The tests were conducted in the Langley
4.5-foot flutter research tunnel which is of the closed-throat,
single-return type employing either air or Freon-12 as a
testing medium at pressures varying from 4 inches of mercury
to 30 inches of mercury. In Freon-12, the speed of sound
is 324 miles per hour and the density is 0.0106 slug per cubic
foot at standard pressure and temperature. The maximum
choking Mach number for these tests was approximately
0.92. The Reynolds number range was from 0.26X10° to
2.6 10° with most of the tests at Reynolds numbers of the
order of 1.0108.

Models.—In order to obtein structural parameters re-
quired for the flutter studies, different types of construction
were used for the models. Some models were solid spruce,

others were solid balse, and many were combinations of

halsa with various sluminum-alioy inserts. Seven series of
models were investigated, for which the cross sections and
plan forms are shown in figure 2.

Figure 2 (a) shows the series of models which were swept
back by shearing the cross sections parallel to the air stream.
In order to obtain Butter with these low-aspect-ratio models,
thin sections and relatively light and weak wood construction
were employed. :

1A,
13, 23 12, 22" /A /1B

Mods/.‘iE‘SA,ESB

.f4, 24

.-Lominafed spruce

—|<:+- F—F—F—
I ]
i . Models [1-15
Sections poraffel fo the air sfream
ta) Sheared swept models with a constant geometric aspect ratio of 2. Serles I.

FraURE 2—Model plan form end erosz-sectional construetion.

. Lerrgthwise bolsa
laminatons

furine! wall,

Aiuminum alloy §

Spruce,_ o mmmma
T R e P

| —==—r

\
Modeis 304, B, C,D
. Chordwise bofsa kminations

@
N
W

Spruce- !éz' 5-’ Mode/s 40A,.B,C, D
"L ert
balsa lominations

(b} Models swept back by use of & rotating mount. Berles I
Fiotrx 2.—Continued.

The series of rectangular-plan-form models shown in figure
2 (b) were swept back by using a base mount that could be
rotated to give the desired sweep angle. The same base
mount was used for testing models at forward sweep angles.
It is known that for forward sweep angles divergence is
critical. In an attempt to separate the divergence and
flutter speeds in the sweepforward tests, a D-spar cross-

sectional construction was used to get the elastic axis rela-

tively far forward (fig. 2 (c)).
Two series of wings (figs. 2 (d) and 2 (e)} were swept back
with the length-chord ratios kept constant. In these series

of models, the chord perpendicular to the leading edge’

was kept constant and the bases were alined parallel to the
air stream. The wings of length-chord ratio 8.5 (fig. 2 (d))
were cut down to get the wings of length-chord ratio 6.5
(fig. 2 (e)).

Another series of models obtained by using this same
manner of sweep (fig. 2 (f)) was used for investigating some
effects of tip shape.

Spanwise strips of lead were fastened to the models shown

in figure 2 (e) and a series of tests were conducted with these
weighted models to determine the effect of center-of-gravity
shift on the flutter speed of swept wings. The method of

~

Termelf woll. - Py
52$-H34 clumirwm alfoy
&
QG
Py
Models 50A,B I
Y

,L,,.\{

(e} Models In which s rotating mount s used to determine the effect of
sweepback and sweepforward on the critical velocity. Serfes IIL.

Fistrz 2.—Continued.

&45T chumirm diloy stotfed 1ve" from
raifing edge at I spacing ~-.__
Lergthwise ba'sa kominations,

F i ]
(d) Swept models having a length-chord ratio of 8.5, Serfes IV.
Figrre 2 —Confinred.
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varying the center of gravity is shown in figure 2 (g). In
order to obtain data at zero sweep angle it was necessary,
because of the proximity of futter speed to wing-divergence
speed, to use three different wings. These zero-sweep-angle
wings, of 8-inch chord and 48-inch length, had an internal
weight system.

The models were mounted from the top of the tunnel as
cantilever beams with rigid bases (fig. 3). WNear the root of
each model two sets of strain gages were fastened, one set for
recording principally bending deformations and the other
set for recording principally torsional deflections.

METHODS

Determination of model parameters.—Pertinent geometric
and structural properties of the model are given in tables I
to VII. Some parameters of interest are discussed in the
following paragraphs.

As an indieation of the nearncss to sonic-low conditions,
the critical Mach number is listed. This Mach number is
determined by the Kdrmén-Tsien method for a wing section
normal to the leading edge at zero lift.

The geometric aspect ratio of a w'mg is here defined as

Semispan? (l cos A)’

4, ¢~ Plan-form arca _ l¢

cos2 A=—‘;-1- :

The geometric aspect ratio 4, is used in place of the con-
ventional aspect ratio A because the models were only
semispan wings. For sheared swept wings, obtained from a
given unswept wing, the geometric aspect ratio is constant,
whereas for the wings of constant length-chord ratio the
geometric aspect ratio decreases with cos®A as the angle of
sweep is increased.

The weight, center-of-gravity position, and polar moment
of inertia of the models were determined by usual means.
The models were statically loaded at the tip to obtain the
rigidities in torsion and bending GJ and EI.

A parameter occurring in the methods of analysis of this
report is the position of the elastic axis. A “section’ elastic
axis located at 7., was obtained for wings from each series
of models as follows: The wings were clamped at the root

normal to the leading edge and at a chosen spanwise station

Mode/ 75 74 73 72

A60“

24ST aluminum alloy slotted 114"
fram troiling edge of I spocing

Lergthwise bolso lominations

{e) Swept models having a lengthchord ratio of 6.5. Serfcs V.
Ficuee 2—Continued.

Mool 55/ 55~

(f} Models used to anestl‘gate the effect of tip shape on the flutter velocity. Serles VI
FIGURE 2, —Continued.

* Lengthwise balsag <€4ST Ig’u’"”“m

7 aml'naflans ———
//

G T A i e, ——
i Ly el s v By

/5 lead fosfened with
Scofch celliulose fope

Model

A
(deg)

01-1,01-3,61-3 *
92-1 92

28ko

. 80

* Chordw=8"", Iead inside balsa.

(g) Models used to defermine the eflect of center-of-gravity shift on
he Autter veloeity of swept wings. Scries VII.

F1ourE 2.—Concluded.

F1ourE 3.—Model 12 In the tunnel test section.
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were loaded at points lying in the chordwise direction. The
point for which pure bending deflection occurred, with no
twist in the plane normal to the leading edge, was determined.
The same procedure was used for those wings which were
clamped at the root, not normsal, but at an angle to the
leading edge. A different elastic axis designated the “wing”
elastic axis and located at z.,” was thus determined.

For these uniform, swept wings with fairly large length-
chord ratios, the wing elastic axis was reasonably straight
and remained essentially parallel to the section elastic axis,
although it was found to move farther behind the section
elastic axis as the angle of sweep was increased. It is real-
ized that in general for nonuniform wings—for example,
wings with cut-outs or skewed clamping—a certain degree
of cross stiffness exists and the concept of an elastic axis is
an oversimplification. More general concepts such as those
involving influence coefficients may be required. These
more strict considerations, however, are not required here
since the elastic-axis parameter is of fairly secondary impor-
tance,

The wing mass-density ratio x is the ratio of the mass of &
evlinder of testing medium, of & diameter equal to the chord
of the wing, to the mass of the wing, both taken for unit
length along the wing. The density of the testing medium
when flutter occurred was used in the evalusation of «.

Determingtion of the reference flutter speed.—If is
convenient in presenting and comparing data of swept and
unswept wings to employ & certzin reference flutter speed.
This reference flutter speed will serve to reduce variations
in flutter characteristics which arise from changes in the
various model parameters such as density and section proper-
ties not pertinent to the investigation. It thus aids in
systematizing the data and emphasizing the desired effects
of sweep including effects of aspect ratio and Mach number.

This reference flutter speed ¥z may be obtained in the
following way. Suppose the wing to be rotated about the
intersection of the elastic axis with the root to a position of
zero sweep. In this position the reference flutter speed is
calculated by the method of reference 7, which assumes an
idealized, uniform, infinite wing mounted on springs in an
incompressible medium. For nonuniform wings, a reference
section taken at a representative spanwise position, or some
integrated velue, may be used. Since the wings used were
uniform, any reference section will serve. The reference
flutter speed may thus be considered a ‘‘section™ reference
flutter speed and parameters of a section normal to the lead-
ing edge are used in its calculation. This calculation also
employs the uncoupled first bending and torsion frequencies
of the wing (obtained from the measured frequencies) and
the measured density of the testing medium at time of
flutter. The calculation yields a corresponding reference
flutter frequency which is useful in comparing the frequency
data. For the sake of completeness a further discussion of
the reference flutter speed is given in appendix B.

Test procedure and records.—Since flutter is often a
sudden and destructive phenomenon, coordinated test pro-
cedures were required. During each test. the tunnel speed
was slowly raised until a speed was reached for which the
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amplitudes of oscillation of the model in bending and torsion
inereased rapidly while the frequencies in bending and tor-
sion, as observed on the sereen of the recording oscillograph,
merged to the same value. At this instant, the tunnel
conditions were recorded and an oscillograph record of the
model deflections was taken. The tunnel speed was im-
mediately reduced in an effort to prevent destruction of the
model.

From the tunnel data, the experimental flutter speed V.','

the density of the testing medium p, and the Mach number M
were determined. No blocking or wake corrections to the
measured tunnel velocity were applied.

From the oscillogram the experimental flutter frequency
fe and the phase difference ¢ (or the phase difference 4 180°)
between the bending and torsion deflections near the root
were read. A reproduction of a typical oscillograph flutter
record, which indicated the flutter to be a coupling of the

wing bending and torsion degrees of freedom, is shown as

figure 4. Since semispan wings mounted rigidly at the base

were used, the flutter mode may be considered to correspond
to the flutter of a complete wing having a very heavy fuselage
at midspan—thst is, to the symmetrical type.

The natural frequencies of the models in bending and

torsion at zero airspeed were recorded before and after each
test in order to ascertain possible changes in structural char-
acteristics. In most cases there were no appreciable changes
in frequencies but there were some reductions in stiffnesses
for models which had been weakened by fluttering violently.
Analysis of the decay records of the natural frequencies
indicated that the wing damping coefficients g, and g.
(reference 7) were about 0.02 in the first bending mode and
0.03 in the torsion mode.

RESULTS AND DISCUSSION

EXPERIMENTAL INVESTIGATION

Presentation of experimental data.—Results of the
experimental investigation are listed in detail in tables I to

VII, and some significant experimental trends are illustrated
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in figures 5 to 10. As a basis for presenting and coniparing
the test results, the ratio of experimental tunnel stream
conditions to the reference flutter conditions is employed so
that the data indicate more clearly combined effects of aspect
ratio, sweep, and Mach number. As previously mentioned,
use of the reference flutter speed Vp serves to reduce varia-
tions in flutter characteristics which arise from changes in
other parameters, such as density and section properties,
which are not pertinent to this investigation. (See appen-
dix B.)

Some effects on flutter speed.—A typical plot showing
the effect of compressibility on the flutter speed of wings
at various angles of sweepback is shown in figure 5. These
data are from tests of the rectangular-plan-form models
(type 30) that were swept back by use of the rotating mount,
for which arrangement the reference flutter speed does not
vary with either Mach number or sweep angle. Observe
the large increase in speed ratio at the high sweep angles.

The data of reference 1 from tests of a rigid, flexibly
mounted rectangular model having a rotating base are also
plotted in figure 5. It can be seen that the data from the
cantilever models of the present report which had a similar
method of sweep are in conformity with the data from the
flexibly mounted model. This indicates that, for uniform
wings having the range of parameters involved in these
tests, the differences due to mode shape are not very great.

Figure 6 is a cross plot of the data from figure 5 plotted
against A at & Mach number approximately equal to 0.65.
The data of the swept wings of constant length-chord ratio
and of thesheared swept wings are alsoincluded for comparison.
The velocity ratio V,/Vzis relatively constant at small sweep
angles but rises noticeably at the large sweep angles. It is
pointed out that the reference flutter speed 17z may he
considered to correspond to a horizontel line at —{i=1
for the rotated and constant-length~chord-ratio wings, but
for the sheared wings this reference speed corresponds to a
curve decreasing somewhat less rapidly than vycos A as A

increases. (See appendix B.)
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The order of magnitude of some three-dimensional effects
may be fnoted from the fact that the shorter wings

(%=6.5, fig. 6, series V ) have higher velocity ratios than the

longer wings (%—=8.5, series IV)- This increase may be due

partly to differences in flutter modes as well as aerodynamic
effecta. _ .

Some effects on flutter frequency.—Figure 7 is a repre-
sentative plot of the flutter-frequency data given in table II.
The figure shows the variation in flutter-frequency ratio
with Mach number for different values of sweep angle for
the models rotated back on the special mount. The ordinate
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is the ratio of the experimental flutter frequenev to the
reference flutter frequency f,/fz. It appears that there is a
reduction in flutter frequency with increase in Mach number
and also an inecrease in flutter frequency with increase in
sweep. The data from reference 1 show the same trend
with increase in sweep. Considerably more scatter may be
noted in the frequency data than in the speed data (fig. 5)
from the same tests.

The results of the tests for rotated wings with chordwise
laminations (models 404, B, C, D) are given in table IT.
At sweep angles up to 30° the values of the speed ratio
V/Vg for wings of this construction were low (in the neigh-
borhood of 0.9), and the flutter frequency ratios f,/fsz were
high (of the order of 1.4). As these results indicate and as
visual observation showed, these models fluttered in a mode
that apparently involved an appreciable proportion of the
second bending mode. The models with spanwise lamina-
tions (models 304, B, C, D} also showed indications of this
higher flutter mode at low sweep angles; however, these
models were able to pass through the small speed range of
higher mode flutter without sufficiently violent oscillations
to cause failure. At a still higher speed these models with
spanwise laminations fluttered in a lower mode resembling a
coupling of the torsion and first bending modes. This
lower mode type of flutter charaeterized the flutter of both
the sheared and constant-length-chord-ratio models.

For those wing models having the sheared type of balsa
construction (models 22/, 23, 24, and 25), the results are
more difficult to compare with. those of the other models.
This difficulty arises chiefly because the lightness of the
wood produced relatively high mass-density ratios « and
partly because of the nonhomogeneity of the mixed wood
construction. For high wvelues of x the flutter-speed co-
efficient changes rather abruptly even for the unswept models
(reference 7). The data are nevertheless included in table I.

Effect of shift in center-of-gravity position on the futter
speed of swept wings.—Results of the investigation of the
effects of center-of-gravity shift on the flutter speed of
swept wings are illustrated in figure 8. This figure is a
cross plot of the experimental indicated air speeds as a
function of sweep angle for various center-of-gravity posi-
tions. The ordinate is the experimental indicated air

speed V, ; which serves to reduce the scatter

P
0.00238
resulting from flutter tests at different densities of testing
medium. The data were taken in the Mach number range
between 0.14 and 0.i4, so that compressibility effects are
presumably negligible. As in the case of unswept wings,
forward movement of the center of gravity increases the
flutter speed. Again, the flutter speed increases with
increase in the angle of sweep.

The models tested at zero sweep angle (models 91-1, 91-2,
91-3) were of different construction from and of larger size
than the models tested at the higher sweep angles. Because
of the manner of plotting the results, namely as experimental
indicated airspeed (fig. 8), & comparison of the results of
tests at A=0° with the results of the tests of swept models
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is not particularly significant. The points at zero sweep
angle are included, however, to show that the increase in
flutter speed due to a shift in the center-of-gravity position

for the swept models is of the same order of magnitude as __

for the unswept models. For the unswept models, the
divergence speed Vp and the reference flutter speed V3 are
fairly near each other, and although the models appeared
to flutter, the proximity of the futter speed to the divergence
speed may have influenced the value of the critical speed.

The method used to vary the center of gravity (see fig. 2 (g))
produced two bumps on the airfoil surface. At the low
Mach numbers of these tests, however, the effect of this
roughness on the flutter speed is considered negligible. For
proper interpretation of figure 8, the fact must be kept in
mind that the method of varying the location of the center
of gravity changed the radius of gyration r. and the tor-
sional frequency f,.

The effect of sweepforward on the critical speed.—An
attempt was made to determine the variation in flutter speed
with angle of sweepforward by testing wings on the mount

that could be rotated both backward and forward. As ex-

pected, however, the model tended to diverge at forward

sweep angles in spite of the relatively forward position of
the elastic axis in this D-spar wing.

Figure 9 shows a plot of the ratio of critical speed to the
reference flutter speed 17; against sweep angle ..
different curves for the sweptback and for the sweptforward
conditions and the sharp reduction in critical speed as the
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angle of sweepforward is increased. The different curves
result from two different phenomena. When the wing was
swept back, it fluttered; whereas at forward sweep angles it
diverged before the flutter speed was reached. Superposed
on this plot for the negative values of sweep are the results
of calculations based on an analytical study of divergence
(reference 9). Recasonable agreement exists between theory
and experiment at forward sweep angles. The small differ-
ence between the theoretical and experimental results may
perhaps be due to an inaccuracy in determining either the
position of the elastic axis of the model or the required slope
of the lift curve or both.

The divergence speed V', for the wing at zero sweep angle,
a8 calculated by the simplified theory of reference 7, is also
plotted in figure 9. This calculation is based on tie assump-
tion of a two-dimensional unswept wing in an incompressible
medium. The values of the uncoupled torsion frequency
and the density of the testing medium at time of futter or
divergence are emploved. Reference 9 shows that a rela-
tively small amount of sweepback raises the divergence speed
sharply. For convenience, however, the numerical quan-
tity ¥ (based on the wing at zero sweep) is listed in table I
for all the tests.

Effect of tip modifications.—Tests to investigate some
of the over-all effects of tip shape were conducted and some
results are shown in figure 10. Two sweep angles and two
length-chord ratios were used in the experiments conducted
at two Mach numbers. It is seen that, of the three tip
shapes used, namely, tips perpendicular to the air stream,

perpendicular to the wing leading edge, and parallel to the

air stream, the wings with tips parallel to the air stream gave
the highest flutter speeds.

DISCUSSION AND COMPARISON OF ANALYTICAL AND EXPERIMENTAL
RESULTS

Correlation of analytical and experimental results has been
made for wings swept back in the two different manners;
that is, (1) sheared back with a constant value of A4,, and
(2) rotated back. The two types of sheared wings (series I)
and two rotated wings (models 30B and 30D) have been
analyzed.
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Results of some solutions of the flutter determinant for o
wing (model 30B) on a rotating base at several angles of
sweepback are shown in figures 11 and 12. Figure 11 shows
the fluiter-speed coefficient as a function of the bending-to-
torsion frequency ratio, and figure 12 shows the flutter fre-
quency ratio as a function of the bending-to-torsion frequency
ratio.

The calculated results (for those wings investigated analyt-
ically) are included in tables I and II. The ratios of experi-
mental to analytical flutter speeds and flutter frequencies
bave been plotted against the angle of sweep in figures 13
to 16. If an experimental value coincides with the corre-
sponding analyticel predicted value, the ratio will fall at a
value of 1.0 on the figures. Deviations of experimental re-
sults above or below the analytical results appear on the
figures as ratios greater than or less than 1.0, respectively.
The flutter-speed ratios plotted in figure 13 for the two ro-
tated wings show very good agreement between analysis and
experiment over the range of sweep angle, 0° to 60°. Such
good agreement in both the trends and in the numerical
quantities is gratifying but probably should not be expeeted
in general. In view of the discussion of the last term in
equetion (5b) it may be of interest to mention that failure
to include the terms arising from the last term of equation
(5b) in the calculations for model 30B would decrease the
ratio V,/V, corresponding to A=60° by about 3 percent.
The flutter frequency ratios of figure 14 obtained from the
same two rotated wings are in good agrecment,

The flutter-speed ratios plotted in figure 15 for the two
types of sheared wings do not show such good conformity at
the low angles of sweep, whereas for sweep angles beyond 45°
the ratios are considerably nearer to 1.0. The sheared wings
are again observed to have a constant value of ., of 2.0
(aspect ratio for the whole wing would be 4.0). For this
small value of aspect ratio the finite-span correction is
appreciable at zero angle of sweep and, if made, would bring
better agreement at that point. Analysis of the corrections
for finite-span effects on swept wings requires further
consideration.

Figures 13 and 15 also afford a comparison of the behavior
of wings swept back in two manners: (1) rotated back with
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constant length-chord ratio but decreasing aspect ratio (fig.
13), and (2) sheared back with constant aspect ratio and
increasing length-chord ratio (fig. 15). A study of these two
figures suggests that the length-chord ratio rether than the
e 2

aspect ratio (bi;l;) may be the relevant parameter in
determining corrections for finite swept wings. (Admit-
tedly, effects of tip shape and root condition are also in-
volved and have not been precisely separated.)

Figure 16, which refers to the same sheared wings as figure
15, shows the ratios of experimental to predicted flutter fre-
quencies. The trend is for the ratio to decrease as the angle
of sweep increases. Table I shows that, the flutter frequency
fr obtained with 17z and used as a reference in a previous
section of the report is not significantly different from the
frequency fi predicted by the present analysis.

A few remarks can be made on estimates of over-all trends
of the flutter speed of swept wings. As a first consideration
the conclusion may be made that, if a rigid infinite yawed
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Ficuaz 12.—Ratlo of theoretical Autter tmﬁency to torsional frequency as a function of the
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with a constant mass-density ratlo (%-37.8) .

“l ! ; l
&
A
h'A { .
I} v
A } : A v—
~ [ Mocks/
L o 30B
o .|30D
o Q 20 30 40 50 &0
A, deg

F1Guex 13.—Ratlo of experimental to theoretlcally predicted flutter speed as a function of
sweep angle for two rotated models.

wing were mounted on springs which permitted it to move
vertically as a unit and to rotate about an elastic axis, the
flutter speed would be proportional to 1/cos A. A finite
yawed wing mounted on similar springs would be expected
to have a flutter speed lying above the curve of l/cos A
because of finite-span effects. For a finite sweptback wing
clamped at its root, however, the greater degree of coupling
between bending and torsion adversely affects the flutter
speed so as to bring the speed below the curve of 1/cos A
for an infinite wing. This statement is llustrated in figure
17 which refers to a wing (model 30B) on a rotating base.
The ordinate is the ratio of flutter speed at a given angle of
sweep to the flutter speed calculated at zero angle of sweep.
A theoretical curve is shown, together with experimentally

determined points. Curves of 1/cos A and 1/ycos A are T

shown for convenience of comparison. The curve for model
30D (not shown in figure 17) also followed this trend quite
closely. The foregoing remarks should prove useful for

making estimates and discussing trends but are not intended  _

to replace more complete calculation. In particular, men-
tion may be made, for example, that a far-forward location
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Freure 15.—Ratlo of experimental to theoretlcally predicted flutter speed as & fanction of
sweep angle for two types of sheared models.
of section center of gravity would lead to an entirely dif-
ferent trend. Moreover, as is apparent from the analysis,
the bending stiffness can play an increasingly significant
role with increase in the angle of sweep.

The experiments and calculations deal in general with
wings having low ratios of natural first bending to first
torsion frequencies, At high values of the ratio of bending
frequency to torsion frequency, the position of the elastic
axis becomes relatively more significant. Additional calcula-
tions to develop the theoretical trends are desirable.

CONCLUSIONS

In a discussion and comparison of the results of an in-
vestigation of the flutter of a group of swept wings, the
manner of sweep is significant. This report deals with two
main groups of uniform, swept wings: rotated wings and
sheared wings. In presenting the data, employment of &
certain reference flutter speed was found convenient. The
following conclusions seem to apply: _

1. Comparison with experiment indicates that the analysis
presented is satisfactory for giving the main effects of sweep,
at least for nearly uniform cantilever wings of moderate
length-chord ratios. Additional calculations are desirable
to investigate various theoretical trends.

2. The coupling between bending and torsion adversely
affects the flutter speed. The fact, however, that only a
part of the forward velocity is aerodynamically effective
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increases the flutter speed. Certain approximate relations
can be used to estimate some of the trends.

3. Although a precise separation of the effects of Mach
number, aspect ratio, tip shape, and center-of-gravity posi-
tion has not been accomplished, the order of magnitude of
some of these combined effects has been experimentally
determined. Experimental results indicated are

(2) The location of the section center of gravity is an
important parameter and produces effects for swept wings
similar 'to those for unswept wings over the range (30 per-
cent to 70 percent chord) of locations tested.

(b) Appreciable differences in flutter speed have been
found to be due to tip shape.

(¢) The length-chord ratio of swept wings is 2 more
relevant finite-span parameter than is the aspect ratio.

(d) Compressibility effects attributable to Mach number
are fairly small, at least up to & Mach number of 0.8.

(e) The sweptforward wings could not be made to flutter
but diverged before the flutier speed was reached.

LANGLEY AERONAUTICAL LLABORATORY,
NaTioNAL ApvisoRY COMMITTEE FOR AERONAUTICS,
LaneLEY FIELD, VA., September 9, 1946.



APPENDIX A
THE EFFECT OF SWEEP ON THE FREQUENCIES OF A CANTILEVER BEAM

Early in the investigation it was decided to make an experi-
mental vibration study of a simple beam at various sweep
angles, The uniform, plate-like aluminum-alloy beam shown
in figure 18 was used to make the study amenable to analysis.
Length-chord ratios of 6, 3, and 1.5 were tested, the length /
being defined as the length along the midchord. A single 60-
inch beam was used throughout the investigation, the desired
length and sweep angle being obtained by clamping the beam
in the proper position with a 1% by 1} by 14-inch
aluminum-slloy erossbar.

Figures 18 and 19 show the variation in modes and fre-
quencies with sweep angle. In most cases, an increase in
sweep angle increased the natursl vibrational frequencies.
As expected, the effect of sweep was more pronounced at the
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FIGTRE 18.—Cbange in nodsl lines with sweep and Ientth-chord retio for the vibration of
&n aluminum-alloy beam

smaller values of length-chord ratio. The fundamental mode

was found by striking the beam and measuring the frequency
with a self-generating vibration pick-up and paper recorder.
The second and third modes were excited by light-weight
electromagnetic shakers clamped to the beam. These shakers

were attached as close to the root as possible to give a node

either predominantly spanwise or chordwise. The mode
with the spanwise node, designated second mode, was pri-

marily torsional vibration, whereas the mode with the chord-

wise node, designated third mode, was primerily a second
bending vibration.

The first two bending frequencies and the lowest torsion

frequency, determined analytically for a straight uniform
unswept beam, are plotted in figure 19. Good agreement
exists with the experimental results for the length-chord
ratios of 6 and 3, but for a ratio of 1.5 (length equal to 12
inches and chord equal to 8 inches) less favorable agreement
exists. This discrepancy may be attributed to the fact that
the beam at the short length-chord ratio of 1.5 resembled
more & plate than & beam and did not meet the theoretical
assumptions of a perfectly rigid base and of simple-beam
stress distributions. The data are valid for use in comparing
the experimental frequencies of the beam when swept with the
frequencies at zero sweep, which was the purpose of the test.
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APPENDIX B
DISCUSSION OF THE REFERENCE FLUTTER SPEED

For use in comparing data of swept and unswept wings, &
reference flutter speed Vy is convenient. This reference
flutter speed is the flutter speed determined from the simpli-
fied theory of reference 7. This theory deals with two-
dimensional unswept wings in incompressible flow and de-
pends upon a number of wing parameters. The calculations
in this report utilize parameters of sections perpendicular to
the leading edge, first bending frequeney, uncoupled torsion
frequency, density of testing medium at time of flutter, and
zero damping. Symbolically,

-

Ve= bwaf (’\';xu; ZLeas 7"12: ;J)

Variation in reference flutter speed with sweep angle for
sheared swept wings.—The reference  flutter speed is
independent of sweep angle for a homogeneous rotated wing
and for homogeneous wings swept back by keeping the length-
chord ratio constant. For a series of homogeneous wings
swept back by the method of shearing, however, a definite
variation in reference flutter speed with sweep angle exists
since sweeping a wing by shearing causes a reduction in
chord perpendicular to the wing leading edge and an increase
in length along the midchord as the angle of sweep is in-
creased. The resulting reduction in the mass-density-ratio
parameter and first bending frequency tends to raise the
reference flutter speed, whereas the reduction in semichord
tends to lower the reference flutter speed as the angle of
sweep is increased. The final effect upon the reference
flutter speed depends on the other properties of the wing.
The purpose of this section is to show the effect of these
changes on the magnitude of the reference flutter speed for
a series of homogeneous sheared wings having properties
similar to those of the sheared swept models used in this
report.

Let the subscript 0 refer to properties of the wing at zero
- sweep angle. The following parameters are then functions
of the sweep angle:

b=bo cos A

2 T
cos A

=
248

Since m is proportional to b,

B2
x=1rfn =y; CO8 A

Similarly, since [ is proportional to b,

0.56

fn=—lr %= (fin)o(cos A)?

Also, because f. is independent of A,

fhl (fhl) 2
=] (cosA
fﬂ f a/ 0 ( )
An estimate of the effect on the flutter speed of these
changes in semichord and mass parameter with sweep angle

may be obtained from the approximate formula given in
reference 7,

/r,’ 0.5 L i
- Ve=bw, Tmmtfk"vaA

This approximate analysis of the effect on the reference
flutter speed does not depend upon the first bending frequency
but assumes f;/f. to be small.

In order to include the effect of changes in bending-torsion
frequency ratio, & more complete analysis must be carried
out. Figure 20 presents some results of 2 numerical analysis
based on a homogeneous wing with properties at zero sweep
angle as follows:

$¢,=50 bu=0.333
2 k70
rad=0.25
) —0.4
f¢=100 fu 0 :

In figure 20 the curve showing the decrease in ¥y with A is
slightly above the 4 cos A factor indicated by the approxi-
mate formula.

Effect of elastic-axis position on reference flutter speed.—
As pointed out in the definition of elastic axis, the measured
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locus of elastic centers z.,” fell behind the section elastic axis
for the swept models with bases parallel to the air stream.
In order to get an idea of the effect of elastic-axis position on
the chosen reference flutter speed, computations were made
both of V3 and & second reference flutter speed 17’ similar
to Vg except that z,,” was used in place of z,,. The maximum
difference between these two values of reference flutter speed
was of the order of 7 percent. This difference occurred at a
sweep angle of 60° when the wing elastic axis was farthest
behind the section elastic axis. Thus, for wings of this type,

213637—53——17
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the reference flutter speed is not very sebsitive to elastic-axis
position. The reference flutter frequency fr’ was found in
conjunction with V3. The maximum difference between
f= and fz’ was less than 10 percent. Thus, the convenient
use of the reference flutter speed and reference frequency is
not altered by these elastic-axis considerations.
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TABLE I.—DATA FOR SHEARED

A i fi NACA Loy Taa Ted' 1 P
3 iy Ji Ju GJ Er M I ¢ b 1 Perecent,
Model \(3e8)| A1 | (ops) [ (epw) | (cpe) | Do) |ab-ln0fab-in| SHEL | Mo | n) | my | a0 [GrepriGmenGueny et | @ | ond S| (S8 pren |
Spruce wings H
A 1] 2 A5 272 } 108 | 107 | 15,000 | 25 100 | 16-005 0.89 16.¢ | 8.0 0. 338 48,4 45 45 —0.082 |—0.10 | 0.233 13,3 (0. 00287 85
11A7 1] 2 . T 50 37 | commem | e 16005 .80 | 1.0 | 8.0 333 48.4 26.6 20.06 | —032 | —. 468 | .398 17.6 |.00217 0
118’ 0 2 b1 B p— ) § [+, 2 R R 16005 .82 | 1860 | 80 L3323 ) 484 20,7 20.7 | —.032} —. 406 . 40.5 | .000943 88
18 15 2 43 {....| 103 | 108 | 14 400 | 54,700 | 16-005.2 | .88 18.6 | 7.73 .321 48. 5 46.3 46 —-.03 | —.074| . 5.69 | . 00735 96
12 15 2 42 | .| 108 | 105 | 14,400 | &4 700 | 15-00K 2 | .88 1.6 | .73 .321 48.5 48,3 48 —03 | —.074| .28 8,47 | .0D4S6 98
12 15 3 42 | ____ | 103 | 102 | 14,400 | 54,700 | 18-005.2 | .88 1.8 | 7.72 a1 48. 5 40.3 45 —-03 | —.0M4| .23 1.2 |. 7 o7
13 30 2 38 106 73 93 | 11,100 | 33, 16-005. B 87 18.2 | 6.87 | .24 48.8 4.0 49 —.02¢ | —, 080 .38 7.16 | 00748 99
14 45 3 v 139 03 92 9,240 | 33,000 | 16-007.1 85 22.6 | 562 L2334 48.8 46.0 60 —.02¢ | —. 080 | .23 7.78 | .00720 83
14 45 ) 21 138 062 a1 9,240 | 83,000 | 16-007.1 | .85 | 22.8 | &.62 | .234 48.8 46.0 60 —. 024 | — ] 19.8 |. o
15 80 2 13 08 a3 88 4 520 | 19,100 | 18010 .81 32.0 | 40 . 167 48.8 5.0 [ —.024 | —.080 | .23 Q10 | . 00757 92
15 a0 2 12 87 g8 4,520 | 19,100 | 16-010 .81 32.0 | 40 .167 '] 48.8 48.0 65 —024 | — .23 140 |. 20
Balsa wings
22' 15 1 81 155 as 81 0.88 1.6 | 7.72 | 0.321 | 48.8 2.4 42.4 |—-0.024 j—0.352 | 0.292 219 |0.00854 8
2 15 F | 31 154 64 62 .88 la.6 | 7.723 .aa1 48.8 2.4 424 | — 024|152 | .29% 3.82 | .00488
22" 15 | 3 154 64 82 | . h 88 1.6 | 7.72 .32t 48.8 42. 4 424 | —.024 | ~. 152 | .292 18.7 | .Q0100 092
23 30 1 35 219 89 89 6,230 | 27,900 | 16-005.8 87 18.2 | 6.87 284 48.0 8.0 53 — 04 | —.0¢ Ld04 3.18 | . 00864
23 30 2 216 89 ) 6, 230 | 27,900 | 160058 87 18.2 | 0.87 .284 43.0 48.0 52 - | —.04 304 8. 5¢ | .00321 91
23 30 ] 34 220 91 91 6, 230 , 900 | 18-005.8 | .87 18.2 | 6.87 . 284 48.0 48.0 52 ;] ] . 304 9.15 | . 00300 9
3 30 ] 34 216 8% 89 8, 230 | 27,900 | 16-005.8 | .87 18.2 | 6.87 .84 | 48.0 48.0 52 -0 | —04 .34 149 | .00184 20
b 45 2 19 128 3 738 2,810 | 10,800 | 16-007.1 85 2.8 | 5e8 26 47.0 48.0 57 —. 06 -, 02 .811 A64 | .00T84 85
24 45 i 19 122 76 75 4,810 | 10,800 | 18-007.1 85 2.8 | 5.66 236 £7.0 49.0 57 -0 | —.02 .811 8.40 | . 00330 03
24 45 2 16 122 75 78 2,810 | 10,800 .| 16-007.1 85 4.8 | 5.68 .238 47.0 40.0 57 —.08 -.02 311 13.2 | .00218 91 _
24 45 2 16 120 74 74 2,810 | 10,800 | 16-007.1 21,8 | 566 .36 47.0 48,0 57 -0 | —-.02 158 20.4 | .000070 4
U 45 2 19 120 73 73 2,810 | 10,800 | 16-007.1 85 2L8 | 568 .23 47.0 40.0 57 - 08 | —02 .81 30.6 | .0000338
A 60 1 8.6 54 [} 65 1,850 | 6,470 | 16-010 81 330 40 167 40.9 40.0 71 —082 | — 2 3% 3.6 | .000954
25B €0 2 8.8 48 70 ;. 20 - 5, 500 | 16-010 81 320 | 40 . 167 48.9 40.0 71 -—.0682 | —20 .35 0.36 | . 00353 91
TABLE II.—ROTATED
*
A fu | 6| e} 675 | Er | NACA 7 ¢ b Teg | Tes | Tos ! P o |Percent
Meodel A 1 nlann nl airfoll | A t tl{percent| a+ze a ot —- slugs
(deg) (cps) | (cps) | (cpe) | (cps) |(Ab-In.Y){(b-In¥)| goorion e | () | () | @ ‘Ghord) | chord) | chord) c oz 11/ | Freen
Lengthwise Iaminations f
. - T
304 0 |620|11.0|76.0]80.4|8.0] 3760} ... 16-010 | 0.81 M8 4 0.167 | 46.0 35 35 —0.08 | —0.30 | 0. 311 30.8 [0.00220 o,
3B 0 |62 |120}72e|90.0)880)] 8760 ] 602 | 16010 .81 24.8 4 . 167 4.0 40 40 -8 —-.20| .37 3.8 | .00214 a !
0B 30 |465(12.1]|73.0(91.0;888] 3,70 620 { 16010 .81 24.8 4 .167 £0.0 40 40 -~ 08| —. 20| .377 8.7 | .00215 4]
30B 30 |4.65) 12,0 7309600880 3760 6020} 18010 81 24.8 4 . 187 460 40 40 — 08| — 20| .277 37.8 | .003214 0
30B 45 |18.10|13.1|73.0|91.0|88.8( 2,760 | 6,020| 16010 81 24.8 4 . 187 46.0 40 40 —. 08| —.20| .377 8738 | .00214 [}
30B 45 13.1014.2;73.0)90.0 | 88.0 T80 | 6,820 18-010 .81 4.8 4 . 167 48.0 £0 40 —.08| —. 20| .377 37.8 | .00314 [}
30B 60 j1.58|12.072.5|90.0 880 8,780 0‘9?6 16-010 81 24.8 4 . 167 48.0 40 40 —.08| —.20| .a%7 30.8 | .00204 0
aoC 0 /620|122 60.0(86.0}758)] 4000 &89 16-010 81 24.8 £ . 167 48.5 39 39 —.03| —.23) .202 40. 5§ | .00200 8¢
30Q 0 [620]12.2]69.0(86.0|758] 400 ] 6050 ! 16010 81 24.8 4 . 167 A8. 5 39 39 -3 —.23) .%92 98.9 | .000820 86
300 0 }6.20]13.3]|70.0|84.0|74.2] 4,000] 6,95 | 16-010 81 4.8 4 .167 48.5 30 39 —.03 —-.25| .a82 62.6 | .000876 83
30C 15 878 (12.3160.086.0| 758 | 4000 695 | 16-010 81 24,8 4 L1687 | 48.5 30 39 — 08| —22] .202 2.0 {.000870 81
300 30 [4685)122)|60.0(86.0|758| 4000 6950 16010 .81 248 4 . 167 48.5 39 39 —-08| —22] .992 40.0 | .00202 89
30C 3 [465]12.2170.0(86.5|76.2| 4000 6050 | 18010 81 24.8 4 . 167 48.5 38 39 - 03| —.23] .302 81.4 | .0O0005 88
3J0C 30 [4.65(122)70.0)88.5)70.2| 4000 6§95 | 16-010 81 4.8 4 .187 48.5 39 39 -03| —22] .292 0.0 |.00100 a5
30C 45 (8101122 70.0 {88.576.3 | 4,000 | 6,950 | 16-010 81 4.8 4 . 167 485 3¢ 3 ~.03 | —322| .202 45.2 | .00170 a7
30D 16 | 578 113.2(80L2 871|824 435 | ... 18-010 81 24.8 4 . 167 43 30,5 3.5 -0 .21 .980 8.70 |.00933
30D 16 | 578 |13.2 (80.2 |87.1 |84 435 | ... 16-010 81 .8 4 167 48 39.5 30.5 — 04 —. 51| .280 8172 |.00030 2
30D 16 | 5781189 |80.2|87.1|R24| 43850 | .. 16-010 81 M8 4 .1687 48 38.5 ans — 04| —a31{ .28 8.70 |.00027
30D 30 | 4.85)18.5|81.7;:02.5|87.4] 4350 ... 16010 81 24.8 4 107 48 3.5 30.5 —04| — 21| .280 8.50 | .00010 9%
30D 45 | 8,10 | 18.8 {81.7 | 88.2|83.4] 4350 | ... 16010 81 248 £ . 167 48 30.5 38.5 —.04| —.21| .280 8.85 | .00005 ]
30D 60 | 1.55 | 135|820 90.5 855 435 | .. 18-010 81 ®.8 4 187 48 3.5 39.5 —~.04 | — 31| .280 9.54 | .00852 09
Chordwise lamjnatfons
-4 - -
404 ¢ | 620 9.4|57.490.0;8.4| 3540 5250] le0I0 | 0.81 24.8 4 0.187 46 40 40 08 | —0.20 | 0.277 38. 5 [0 00222 0
40A 0 | 62| 9.6|57.1)91.6]88.5| 8540 | 5250 | le-010 .81 24.8 £ . 187 £8 40 40 —.08| —.20| .37 .2 | .00334 90
40A 0 |620| 0.6 571910885 3540 5250 16010 .81 4.8 4 . 167 48 40 40 - 08| —20| .37 37.7 | .00215 80
40A 0 |6.20| 9.6 |57.1|9L0|8.5| 8840 | 525 | 18010 8L | 248 4 .107 | 46 40 40 —.08| —20| .27 | 75.0 |.00108 82
40A 15 | 878 | 9.3 |55.8(00.6)88.2| 38,540 5250 16010 81 24,81 4 . 1687 46 40 40 - 08} —.20| .377 3.1 | .00231 0
40A | 30 |4.65| 9.8 [558|90.0|88.2| 3,50 5250 ] 16010 8l | 4.8 4 .167 | 48 40 40 —.08) —. 20| .277 | 37.5 |.00218 ]
40B 0 (620 0.5)5850) 90.5|855| 8710 5020) 16-010 81 24.8 4 . 107 49 40 40 - 02| —20| .287 35,5 |.0028 U]
40C 0 (620 9.0)b54.4|61.058.2| 2,280 4,35 | 16-010 a1 4.8 4 167 | 46 38.8 38.5 —.08 | — 28| .27 8.74 | . 00828 100
40D 0 [620] 9.4|580|8.9|84.0( 8330 &050 | 16010 81 4.8 4 .1687 48 30.5 3.6 —04 ) — 31| 280 70.0 | .000069 84
40D 15 | 578 0.6 ]58.3 889840/ 3330 | 5050 | 16010 81 .8 4 167 | 48 385 39.5 — 04! —. 21| .280 38.4 | .00212 89
40D 16 | &78( 055870875826 3330 5050} 16010 81 .8 4 . 167 3 3.5 a0 — 04| —. 21| .280 80.0 |. 87
40D 30 |4.65| 0.5|57.5(8.0)841| 8,330 5050 | 16010 81 4.8 4 167 48 30.5 39.5 —04| —.81 | .2%0 88.2 | .000867 85
40D 45 |8.10 9.6 58.3 |88.9 840 3,330 | 505 | 16010 81 24.8 4 167 48 3.5 30.5 —.04 —.31| .280 3.1 1 .00106 86
ad.. L
TABLE III.—DATA FOR MODELS USED IN
A A | fa GJ EI | NACA |7 e Tee | Zed 1 p _ iPercent
& | S 1 c b L - Ay
Model [(deg)| A s eps) |(Tb-in -in.%| afrfoll | M (percent ti(percent| a+ra [ re Blugs \i Freon
(deg) ¢ | {cps} | (ops) (cps) | (cps) To-1n. ) (Tb-1n.5) on. =) () | ) | @ ehord) | ehord) (gg;l'd} + x (cu t
504 £.85 15 87| 168 | 187 { 10,100 | 14,100 16-010 | 0.81 | 4.8 4 0. 167 5 33 33 0.0 | —0.34 | 0.352 7.98 | 0.00895 %
B0A —-15 | 678 15 87 | 168 | 137 | 10,100 | 14,100 18-010 81| 248 4 .167 50 33 33 O —3 .352 8.00 | .00892 ]
50A 6.20 15 87| 163 | 138 } 10,100 | 14,100 16-010 81| 4.8 [ 167 53 33 33 .0 - 3 .352] 8.1 . 00218 ]
50B 0620 14 82| 166 | 118 | 11,400 ; 11, 18-010 p-3%:1 4 . 187 50 28 -] 0 —48 450 B.68 | .00823 99
50B 15878 14| 80| 166 ( 116 11,400 | 11,900 | 18010 81| M8 4 L1687 5 28 2 0| —.48| .458| 8.58| .0083t 9
50B 30 | 4.05 14 80 | 166 | 118 | 11,400 | 11,900 18-010 81| 248 4 . 187 50 28 28 0| —.48 . 4356 0.04 | .0Q78Y o0
B 45(18.10| 14| 80 166 | 116 | 11,400 | 11,800 | 16-010 81| 24.8| 4 .187 50 28 28 0| —48| .456| 9.45) .00758 o8
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SWEPT MODELS—SERIES 1

] -
fo il e b o} o] fo] f | « V. | TR | Vel f VYo | S | Fe | 3o | 1%
(s (@pe) [0 | 2 [ 72 | A | @ in) M | (mph) | mpb) | (mph) [ (opb) | Buo | Va | Vi | (mph) Remarks _
65 1 I 0.62 (03| - 30 35 0.82 l 274 200 L.80 Los -—— | 814 Tunnel excitation uency, 67 cps.
£2 40 | ... L12|(L03)....| &0 850 |.2¢, 91 | 120 &5 | 148 | ___ | =3 I fafled.| Blott gfém;ﬁ'm traffing | .
38 42 |l .87 .91 | | 10 5 [ .74 197 222 j 133 | = | 188 [ Mode L edge. Hlots uncovered.
64 W jo-—} 63| .2/ _| N 375 L84 [ 218 | 176 L6 | Lae | ___ |17 T
82 71 71 .8 | .87|0.87 50 .| 320 . L0 1.19 L20 } 217 Tunnel excitation frequency, 61 cps.
55 9 e | .54 .80 . 50 A7 .9, 976 | 25 L95 | 123 | L25 | 245
el &0 65 | .s3fLlorj .se; 0 334 . 202 | 184 L77 | L3l | L% | 149
B4 58 6L | 3| .0x] .88, &0 300 . 198 | 134 211 | L4 | LI8 | 119 -
37 51 53 | .41 .72} 70| 40 24 81| 25 | 191 260 | L4d | LI2 | 18
a7 53 88 | .| .0} . 10 285 . 179 |18 a7 | L7 o7 | 108 .
36 51 85 [ .30 .71 .85] 30 264 2| 22 | 14 335 | L79 | Lo |12 -
50 46 e 082 [LOT| .-} T 101 030 | 14 ¥.3 L2s | LO7 | .. | TO.9 -
g Tunnel excitation freque: 40 eps.
51 48 48 | .s:fLov|Los| 30 wT |- 119 95.0 L4l ; 125 | L24 | 107
a5 | 48 | 5 | .72l o8] . 50 2 . 24 | 167 Tec | 13| L | =8 }sm“‘“"' Inches from taflag edge.
&0 6 | ... | .68} .98} ___| 130 189 42 | 142 | 137 131 | Lo | ___ |10 -
82 a2 [ LAOFLoL| . 70 152 . 212 178 L 95 L21 L21 | 180 Tunnel excitation frequency, 61 cps.
1] 83 . BT .96 - L] 171 .68 220 185 2.07 LA —_—— 190 Tunnel excftation frequency, 61 cps.
53 &0 .5 &7 &2 @ 152 8L | 23 |2 a5 | Lt | LB | =7 .
5 9 | .| .1fres|l..._| g0 125 3| $7.1 163 | L25 | . | &1
49 49 % | .65,L00] 81| 40 120 .54 ¢ 180 | 132 235 | Lar [ LM | 107 N =
45 48 e | 80} .05 - 40 108 64 | 35 | 180 e | eem 282 | L35 1 .
FOE D7 U A VRN I R 8.5 |.i6 | 281 | 226 e | e & [ L2 | |3 .
H 43 45 7] .| .75 e w0 [ .81 27 | 228 - 277 | L22 | Lo | 282 S et
2% a7 40 .75 .72| 10 8 |.%] M |1\ 28 | 590 | Lo . 216 | Model falled. L
Rt T30 U R R ™6 [ .41 | 139 5| .5 | 161 | 285 | L4 .88 [ 115 Mode! fafled. .
WINGS—SERIES II
| L - - . ; - - * T
Che |l | L | L | £ T, £ T L O IR W TR SR PR S AT I
woo) [ o) |9 | 7o | 7 | A2 | w0 (s%t) M | (mph) | (mpb) | (mph) |Cmph) | Bax | T2 | V2 | Cumph) Remarks o
Lengthwise lJaminations
e
42 45 .- [0.B1}0.QF| .- ] 127 0.30 | 332 209 —- 3.901 LIl —— 318 W}gx fufled; tunnel exeitation frequency, .
.7CDS. . -
8 4 16 5 (Lo |Lod| 60 121 .20 | 2% 212 212 215 | 264 | LO& | Los | 263 s .
51 47 47 | 57| Lo8|L0g| o0 126 .30 | 235 214 214 220 | a7 | L10 | 1.03 | 266
50 4“4 47 | 57| L6 LOB| 40 129 30| &#7 212 213 229 | 877 | L12 | Lo4 | 283 .
e 4 - R S R R i .34 | 269 24 214 285 | 428 | L26 | 101 | 268 ,
55 44 g L25|L16 169 .35 | M2 212 212 265 | £32 | LB | L 263 -
4 I3 AU R S S 75 .45 [ 350 219 219 383 | &5 | Leo .9 | 285 | Wing tafled. ] .
3 41 | .- [§.45| .83 | 30 104 .63 | 219 159 189 e | 4058 | I8 | - | 249
b a7 | - |T.32| e85 | 30 744 | .81 288 200 200 — | &2 8| - | 3
21 8 | .. | .8 | 30 0.6 | .82 288 70 770 e | &43 ] Lor | - | 369 | Wingfailed. -
Pry 6| .- 36| .74t ___| 30 725 | .i8[ 278 %82 252 -] 513 . | 328 -
ar a | o 8| 89 - 112 .65 | 226 v 187 e j 418 } Lol | .- | M8
— P/ R R RO S 8.1 | .81 | 284 283 263 - | 82 L8] LoD ] 3% -
31 38§ - .0] .80 --| 3 885 | .81 | 280 260 260 - &3 fLIL} .| 3m —
10 4 ) - | 83| .8 .__| 40 147 .76 | 973 199 199 cee- | XO02 | LT | . | 285 =
50 51 5L | .e1| .8 . 50 110 81 1M 100 100 L7 § LO5S | Lo4 | 119 -
51 52 or| .| o8] &0 115 .33 | 107 100 100 101 | 1.82 | Log8 [ Los | 110
51 52 @ | 61| o8| .98 50 121 .38 | 109 100 100 10l [ L8 | Lio [ LO8 | II0
53 & 56 | .6t .98 . 0 150 .38 | 123 106 106 116 | L97 | 1.16 | Los | I20
56 32 85 | .67}1.08|L02| 6o 178 .41 138 101 101 226 | L34 | Lo4 | 122 -
£5 53 87 | .mr|L2¢|L14} 90 307 .55 | 182 107 107 182 | 268 | L70 | 1.00 | 130 -
Chordwise Jaminatfons
82 a7 [ .. |oO|LSR[ - [ 140 8.0 [02¢] 188 a1 21 eem | 298 | o892 ____ | 260 I .
56 40 — . L15} __ 60 86.7 .45 184 4 2.45 8431 - 1132 Tunnel excitation frequency, 57 eps. A
61 46 | .- | .69 |L3B| __ 0 62 [ 50| I2 ns 215 2.72 800 285 o
81 43 | “C | .ee|L4d} _. 70 636 | .65| 334 200 299 3.0 .84 m
61 46 | - | .e8|La0| - 20 93.0 | .26 201 08 208 319 967 254 i
6 | | o o - - 127 .30 | 235 213 2%3 i|® | LI0 263 | Wing falled.
61 45 | O | mmjLar| - 10 w7 | .23) 178 101 101 2.91 932 a7 | Wing fafled.
29 36 | — | .51] .&¢] - 80 5.6 | .22} 73| 745| 745 L8l | LOL 90.4 | Wing fafled. -
62 40 — . L5 . 30 2§ 02 221 21 231 3680 .87 a0 Tunnel excitation frequency, 61 eps.
82 44 | - | reiLa| - 0 727 | JBL| 177 194 184 .| 295 03 - | 28 )
61 40 | - | .miLs| 50 57.9 | .67 236 270 279 — | 299 B8 [ . | 367
5 40 | - | 17iLes| — 60 0.4, .82 20 28 298 o} ass o3| o | 82
2| « | T (8w I s | us i 73l (200 [ 200 [ - ) a2 | Lo | 0| 261 | Wingfalled. .
SWEEPFORWARD TESTS—SERIES III .
N I DV IS F O O Y 0 5 RN VS D8 N TR O AR B B PR Remarks
<o) | oo | (o) | 21 T2 | T ()| | cmoby | cmphd | compty | conpl) | s | T | TR | (2
] 734026 889 174 17 0.838 | 0.498 204 | Model diverged.
....... o8 107 .31} 105 Trd 17t 1075 | - 294 | Model diverged.
102 79 07T | L9 | 40 A 40 30 ) 319 3.18 71 MR Gy )
91 o | .8 | e 100 260 .2} 170 172 172 2| 2.05 .989 ™ _
84 | .| .9 0 a7 || e 173 172 || 204 982 700 | Model fafled.
7 %3 . . 180 352 (6L 202 179 17 244 | LI125j . T
o -7 - —| .84 105 100 423 [ .63 | 208 170 19 (| 27 | L28S| 736
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TABLE IV—SWEPT MODELS OF A CONSTANT

Model | 2 A Sy | Iy fr 3 ar zr | WA | o ! ¢ b | (percent | (percent (pg;;;nt a+r e 1
eg) | % | (cpa) | (op®) | (2% | (P%) | qponyy | TS | geption | © « | (md | (0} | D | T5org) | “ehord) | chord) :
a2 15 “1.95 4.9 2.1 ki ] 71.8 8,730 | 7,820 16-010 0.81 2] 4 0.187 41 44 16 —-0.18 | —0.12 | 0.178
62 15 i7.95 4.9 2.1 78.4 X 3,70 7,820 16-010 .81 ] 4 167 41 44 44 - 18 —.12 | 176
62 15 ;7,95 49 |-20.1 | .78.4 7.5 3,730 7,830 16-010 .81 34 4 . 167 41 44 46 —-.18 -3 178
62 15 7,88 49 29.6 7.5 7.7 3, 730 7,820 16-010 -8 34 4 . 167 41 44 48 —.18 -123 .178
6 30 6,38 4.8 258 73.8 78.0 5 450 5 870 18-010 .81 3 4 .167 41 44 47 —. 18 —-.12( .173
63 30 .8.38 8.9 24,0 73.0 74 5, 450 &5 870 16010 .81 3 4 . 167 41 44 47 —.18 - 12| .17§
63 30 16,38 46 25.8 73.5 78.0 5, 450 5,870 16-010 .81 34 4 . 167 41 44 47 —-. 18 - 12| .178
[ 30 6.38 4.0 24.0 73.0 72.4 &, 450 5,870 18-010 .81 34 4 .167 41 44 47 —.18 - 12| .178
63 30 8.38 40 24,0 73.0 72.4 5, 450 5,870 18-010 -8l 34 4 . 167 41 44 47 —.18 - 12 178
64 45 478 44 28.0 66.0 6B.5 8, 300 8,080 16010 .81 34 4 . 167 41 44 57 -.18 —-.12| .178
64 45 475 4.2 27.0 66.0 65.5 &, 500 6,080 18-010 .81 - 4 . 187 41 %Y 57 —. 18 - 13| .178
64 48 4,78 4.2 27.Q 68.0 88. 8 8, 500 6, 080 18-010 .8l 34 4 .187 41 44 57 —-.18 —.12; .I78
64 45 475 41 2.0 66.0 8L 4 8, 500 6, 080 18-010 .81 34 4 . 167 41 4“4 57 —.18 -1l 176
i 45 4.78 41 7.0 65.0 6L 4 3,500 6, 080 16-010 .81 bl 4 L1687 41 a4 57 —. 18 - 12 .17
65 60 212 &7 33.4 .0 76.2 4,850 11, 680 18-010 .81 34 4 .1687 41 44 71 —-18 - 131 176
TABLE V.—DATA FOR SWEPT MODELS OF A
; !
A iy fy 2 A CGF EX NACA I ¢ Teg Taa Tod
Model | (ogy | Ax | (o) | opmy | (B0 | (&P | abin | godnn | AL | Mo gy | amy | an | (GECERt| Goreent| (eremt| etae )o@ | ord
72 15 IS. 09 7.8 &5 97.3 08.3 8,730 7, 820 18-010 0.81 28 4 0.167 41 " 48 ~0.18 | —0.12( 0.175
72 15 8.09 7.8 .58 97.3 96.3 8,730 7,820 16-010 .81 26 4 .187 41 44 48 —-.18 - 12 178
73 30 4.88 64 40.0 8.0 7.0 5,450 5,870 18-010 -81 26 4 167 41 4“® 47 -.18 - 12 i
3 30 4,88 6.4 40.0 28.0 @70 5, 450 &5, 870 18- 010 .81 26 4 .167 41 “ 47 -.18 - 12 178
73 a0 4,88 8.4 40.0 8.0 97.0 5,450 5, 870 16010 .81 26 4 .187 41 - 44 47 ~.18 ] 178
74 45 8.25 8.5 40.0 79.0 |, 78.3 3, 500 6, 080 16-010 .81 28 4 .167 41 44 & -.18 - 12 178
4 46 8.25 67 30.5 .5 7.7 8, 500 6, 080 18-010 .81 8 4 .187 41 44 57 —. 18 - 12 178
74 45 3.25 6.7 8.5 78.5 T 8, 500 8,080 18-010 .81 26 4 .167 41 “ 57 —. 18 - 12 178
78 60 165 7.2 SL8 82.4 8L6 4, 650 11,980 18-010 .8 8 4 1687 41 “ ! - 18 - 12 178
7 1 80 L63 7.3 51.8 846 83.8 4, 650 11,080 | 18-010 .81 25 4 167 41 44 71 —. 18 - 12 175
TABLE VI—DATA FOR TID-
. ’
A Iy | | o . | er | Er | NACA z ¢ ) Tet A P
Model | (deg) | Ar | ‘o) | o) | (D9 | (o9 | @oing | aoimny | SERT | Mo foeny |y | ogo | GRS | GRS GEERT ot | ¢
84-1 45 kS 10 60 133 104 — ——— 16-010 0.81 2 4 0.167 51 32 44 002 —0.30 | 0.378
84-2 45 8.63 10 61 135 107 ———— ———— 15010 .81 N - 4 167 5l a3 “® .02 —36] .78
us | 4 |3 9.6 | &8 | u8 B | e | e | 18010 | .8 | 4 1 .67 | smE | a2 u .3 | —.38| .878
85-1 60 275 50 32 92 72 10, 800 13, 400 16-010 .81 4“4 4 167 50 32 38 .0 ~.38| .87
852 &0 2.7 50 31 o5 4 9, 850 13,400 16-010 .81 " 4 . 167 ) 832 58 o —.30| .378
858 €0 .2.78 50 30 & ' &3 11, 200 16, 600 18010 .81 " 4 . 167 51 32 B .02 _—.30 378
TABLE VIL—DATA FOR MODELS USED TO DETERMINE
A F/ I I I 6, g1 | NACA | e b Zex Zee T L
Model | geg) | 4¢ | ey | ieme) | (09 | @po) | avimn | avine | 20T | ny | omy | | @Eroept| (eroent | Gereent| e bz e ) ont ) g
91-1 1] (] 42 M 31 o 34,100 | 128, 18010 48 8 0.333 2.9 48 48 —0.402 |—-0.0¢ | 0.307 17.3
91-2 Q 8 [ %] 38 43 43 41,200 | 108, 300 16-010 48 8 .383 41.0 43.8 43.8 -. 18 —IM| .17 4.7
91-2 0 -8 5.5 38 43 443 41,200 | 108, 300 16-010 48 8 . 333 41.0 43.8 43.8 -, 18 = ¢ .19 5.4
91-2 g ] 53 |- 83 42 42 41,200 | 108,300 16-010 48 8 .388 41.0 48.8 43.8 —-.18 - 1M .10 12.8
01-2 ] [} 5.8 36 43 43 41,200 | 108,300 16-010 48 8 .333 41.0 43.8 43.8 —.18 =121 170 95.5
01-8 Q (] 5.0 30 40 40 28, 500 88, 700 18-010 48 8 .833 40.0 48,4 8.4 —.02 —. 032 .160 4.3
01-3 4] 8 47 p] 39 i) 28, 500 83, 700 16-010 48 8 .338 49.0 48.4 48. 4 —.02 —.032( .180 38. 4
91-8 0 8 4.7 2 39 3 28, 500 88, 700 16-010 48 8 . 333 40.0 48.4 48.4 -.02 —.032( .180 48.4
92-1 15 6.09 83 48 il 62 8,730 7 1%_010 28 4 1687 3.2 £ 46 -3 | —.12 . 298 77.9
%2-2 15 6.09 83 9 a5 o 8,70 7,820 :M]%%?gd 2 4 .167 429 44 48 - 142 | —-.12 . 138 8.0
93-8 15 6.00 81 47 &6 52 3,730 7,820 NII%t_iol%Ded 25 4 . 187 5.5 4“4 46 L0900 | —.12 411 45
93-1 0 4.42 8.3 40 -] 5, 450 & 870 hﬁﬂ%d 3.6 4 167 30 44 47 — 40 -.12 .310 78.0
93-2 30 4.42 6.8 a9 ] &, 450 5 870 Mi.%.%%ﬂed 3.6 4 167 443 44 47 —. 16 —-.12 184 4.0
3-8 30 4.42 8.3 51 5 5 5 450 5,870 M;%?lo?gd 2.6 i .1687 ] 44 7 .12 -.12 428 3.2
04-1 |—(—45) | 3.81 45 28 38 35 2,120 4, 520 Li%t_i‘é?gd 30.5 4 . 167 4.5 .1 - 11 .12 427 08.2
4-2 |—(—45) | 8.81 4.8 28 70 0 3120 4, 520 1%(_11010 3.5 47| .167 57.0 ] [ W14 L2 ] 134 | 082
948 |—(—45) | 3.81 4.6 23 1 a8 2,120 4,520 lrilﬁiligd 30.5 4 .167 80.3 - T (R . 386 .12 7 .307 | 08.2
g95-1 60 1,65 5.0 —— 54 50 1,900 4,560 M]gdi{l}?gd 20.4 4 . 167 81.4 22 41 —.373 | —.580 . 207 7588
95'-3 60 1.65 50 - 71 a7 1,900 4, 560 Nll%dlio?oed 6.4 4 . 167 42.8 22 41 —. 144 | —. 58 308 3.0
95'-3 60 1.68 5.8 s 40 27 1,800 4, 560 Lﬂi&a&}ol?gd 0.4 4 . 187 5.3 2 41 .086 | —.58 T G0
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LENGTH-CHORD RATIO OF 85—SERIES IV

1 #  \percent| 1. | sm fo | S . g Vol ve lvwl v | vl 1 =
e |(B5) Freon | @09 | @00 | T | Ta | Ge) (——“]:’n ) M | (mph) | mph) | (@ph) | Fus | Vi | (mph) Remarks
18.5 | 0.00825 % 22 35 | 0.28 [ o8& 30 [ o8 | 020 | o8¢| 105 | 104 | 185 [os0s | oLs :
5.6 | .00333 88 ) 32 L8 | .6t 2 | =T 4| 14 167 | 171 | 278 | .85 | 158 .
%5 | 00210 & 10 3 i R 2 [ ey e | s 200 | | 337 ! s | 12
130.0 | .000084| 85 16 2 | B | 5.5 o8 | = 200 | | 4= | .m0 [ me
152 | -0074S T 19 T3 o | s | 1m0 | 88 | m m | - | a1z [Looo | 9%
2.8 | 00424 ] 18 33 s | | mo | wmo 8 | = w2 | D0 25 | e | 128
160 | -oo2is 50 22 2 30 | ew | mo | =21 | 17 | | s | lem | 10
5.0 | .00214 9 19 31 2| et | | 7o = | m 195 | 222 | x| Jei8 | 180 -
982 | 0008 92 15 20 2} s | 120 | exa o | = 223 | 200 | L0 | s | 248 :
5.9 | _oox7 0 18 28 2| a7 30 | 608 | m 7 | 156 | see | 905 | 186
121 | -oo914 o | | 2 | 1] .| e | me| m %0 | L& | 828 | 8L3 | Norecord.
ane | -oozss 54 18 ] | el 0| ess s | 5 180 | 180 | .31 | .968 | 133 -
5.3 | -oo21s 92 17 e 3 | Le2 30 | e BT 173 | 171 | &5 | 960 | I72 | Recard shown in fignre 4.
1160 | 000953 | &6 16 25 25 | .65 o | 575 68 {25 248 | . | 510 | i048 | 260 -
441 | oozer 84 17 3 m | m ¢ | 2 67 | e 188 | 20| &£20 |12 [ 17e
CONSTANT LENGTH-CHORD RATIO OF 6.5—3ERIES V
[ 1 2 \|Pecent| f. I fe Lo . f v. | Tz | W 2. Ve | Vb
e |(22)| Freon | @0 | @) | T | T | @) (-fﬁ) M| (mph) | (mph) | (mph) | Fwe | T2 | (mph) Remarks _
-2
37.2 | 0.00336 o 30 < | o8t [ o} 10 143 o8 | 197 | 20 | 22 | 288 | o.ses| 201 .
g5 | .co1: & 2 b7} B | .5 0 100 76 | 285 | 818 | 319 | 3 | e | 207
34.7 | -omzr b7 2 43 30 | et — | I8 | w3 | me | :e | 2me | ems| Ies
57.4 | -coigs 25 24 4 R 18 | B | m| | xx| m| =
108 - coi08 0 2 30 mn| O ®m 08 | 82| o | 38 | —— | £o5 | -rm| s
4.2 | -oow % » 37 | m 0 118 a5 | s | TS | —— | £ | Lo2s| NI | Wingfalled.
560 | -o0ler @ 26 1 3o 0 T 6| ;0| g | | zes | Los| a8
120 %0 21 31 = | e g a55 | g2 | 201 | 38 | —— | 5a¢ | [e4s5| 3
15.8 95 30 3 i o w | w0 04 s | mm )} 12w | 1 | X1 | r45t 18 [\Model damaged at root.
167 | 0073 | 100 30 38 s | ez 0 205 | 1 | 13 | 136 | 305 | Lass| 122 ar half separated from base.
EFFECT MODELS—SERIES VI _
1 Lg Percent fa Iz fe fe L4 g Ve Ve 2 % Ve B .
e [(EB) Freon | @0 | @09 | = | T | e [(Ghp)| M| omeld | Guph | cmpb V2 | (@pb) Remarks _
9.15 | c.00m81 % b T | 0.85 } 0.8 39 | o6 [ 0| 12 | | 266 [ L@ | ox [{TP Derpendicular to alr stream.
9.25 | .o0Te4 % 80 8 511 . 0 3 2| e | me | _— | 280 | L&7 | 280 ‘gdmd‘“m to leading edge.
9.55 | .00m8 w [ — | &8 | — | — | — 318 0 | mn | 12r | - | a0z | L | 2o ([0 permlel toalr stream.
346 | 00205 0 35 43 4 K, T R 926 .41 E7] 185 189 | 634 | L2 [ 241 [acli ed_di"“l" to air stream.
3.1 | .00208 0 a7 5 3| s 17 a5 | zm | 1 | 16 | sz | Ler | s |[L)D, perpendicular to leading edge.
el ta afr stream,
345 | .00207 0 2 35 .32 .53 0 203 .29 304 159 1w | 677 | Lo 205 Mgﬁ’g’ﬁ&
EFFECT OF CENTER-OF-GRAVITY SHIFT—SERIES VII
;1’ Percent fe I ¢ 1% 1 Vi 2 2, Y
Sugs fe Iz = = ._) M 5 * < = L7 Remsrks
cari) | Freom | (oo | opey | Ju fx | (deg) )| ° (mph} | (mph) | (mph) | pu. ® | (mph)
1] -
0.00871 8 125 | 15 | o5 | ose | . |im 037 | 12r | 281 | 21 | 8.8 |0.548 | 9.9 [ Mfodelfafled.
00230 0 16 19 . 8| % 28 | 208 | 207 | 207 | x40 |1o00 |12
~001TT 0 16 19 : . 20 |105 33 | o | ;e | e | 263 |Looo |22
-007 81 ] bal | e ] w |18 ag | T2 | 120 | 1m0 | 205 [Loz |lm
00105 0 15 18 a5 | e 20 |16 ;| 308 | 308 | 308 | 467 | .85 | WL i
100226 0 18 17 : toe | w0 |ens | (20| 0| 8| 1| 2w Lol [
S00Z74 il 15 17 . o1 | 10 | =me | T2 | 12| w1 | 1 | st |Lor |13
~00207 78 14 16 | s o | sr2 | '« | 63| 11| 181 | xe2 | Lol 181
L00214 0 28 36 . 2 o | 108 ‘38 | a8 | 48 | 422 | 660 | .7os | s
.00210 0 2 36 2| s 2 | 33 | ass | 25 | a5t | svs | .ee0 |2m -
00224 0 25 28 | @ | o |ss| 25| w1 | | v | s |1 |z B
.00199 0 % % 39 | .65 | - |2 ot | s2e | 08 | - | &73 | (e |27
. 00210 0 -] g @ | e | 0 |15 7 225 | ___ | a1 | e | =
. -
.00212 0 2 = s s | 0 | me| .= w | . | 515 |Le |m
00228 0 18 20 51| s 20 |sLo| .20 | 10| 180 | - | 638 [L00 |12
.00223 0 18 ) 28| 8| oo [ 622 | .| 82| ¢ | .| 32 [rL1r |38 fon reversed.
. 00223 o 17 18 e fre | w0 a5 | .ar | 1 a2 .. | 47 |rLae |10
. 00201 o 2 o 4o} .| 30 | e | 25| 29 | a0 | B30 (L2 - -
. 00208 0 2 2 8| s ! 20 o2 .0 a7 ; 186 | 18 | 0.15 | 168 . tted 2 inches from tralling edge. L
.00218 0 P 2 .86 | Loz | a0 |125 20| 2¢ | m | 12 21 jLm « .




